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PREFACE 5

Thin film coatings find applications in a wide variety of optical components and in 3
particular, play an important role in optical sensors employed for guidance and control.

Depending on the specific application, they may be designed to minimize reflectance over a broad 3
optical bandwidth (AR coatings), they may enhance or replace metallic mirrors at a particular

wavelength (HR coatings) or they may block or transmit desirable wavelength bands (passband or 5
rejection band filters). By a proper choice of materials they may also provide a protective layer

from the environment, shielding IR windows and domes from mechanical and chemical damage. 3
Since the laser has been introduced as a weapon for countering optically guided and

controlled sensor systems, an additional performance parameter has been added to the list of 3
characteristics defining good coating designs. The laser damage threshold of the coating material is

a key parameter in determining the vulnerability of the guidance and control sensor. Due to the I
critical need of this information in predicting system vulnerability, a state-of-the-art review

identifying thin film materials for which damage thresholds have been measured is highly desirable. 5
To be confident the threshold is applicable to a given analysis, it is essential that the conditions of

the measurement are well documented. Equally important is that the coating measured is similar 3
in design, composition and morphology to that for which the data is to be applied. Accurate

documentation of this information allows a valid comparison, an estimation of possible error, or a

prediction based on established scaling laws.

The review pursued in this document attempts to compile a collection of data on the S
damage threshold of commonly used optical coating materials consisting of oxides, fluorides and

chalcogenides. The material is organized to allow the reader quick access to damage thresholds for 3
particular coating materials of interest with instant retrieval of the laser measurement parameters.

Immediate identification of the coating synthesis process allows assessment of the relevance of the 5
data to the coating being analyzed. The page in this document on which the data is presented is

cited along with the reference from which it was extracted. The reference is summarized prior to

the data presentation to describe in further detail how the coating was fabricated and specifically

the damage threshold measurement technique.
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The data base for the information reviewed is the "Proceedings Of The Laser Induced

Damage In Optical Materials" Symposia sponsored by the National Institute of Standards and
Technology, The American Society For Testing and Materials, Defense Advanced Research Project

Agency and the Department of Energy. The proceedings are published annually by the U.S.
Department of Commerce/National Institute of Standards and Technology. The data presented is
copied directly from the symposia without alteration. In most instances, the motivation for
measurement of damage thresholds has been different than that identified in this preface.

However, the basic data is relevant to a variety of applications and generally would have been
collected by identical techniques regardless of the application. It is the intent of this document to
provide a ready and useful source of information reviewing the state-of-the-art in laser damage

research in optical coatings and to provide a relevant collection of data establishing the damage

threshold of commonly used optical coatings materials.

IJ

I

3DiSC QK•......J•

KAeoossion- For
NTI•z -RA&I 'DTI 

TAB

3.Un n' .1ce- tii2 i

JU -tr bt I :•

Aval-abijity Codes

'Avell njnd/or

DNet. SprociaJ

I
v GACIAC SOAR 91-01



I
I

CONTENTS

.ige3

Preface ..... .......................................................... Iv
List of Figures .................................................... ..... i
List of Tables .......................................................... xiiiv

1. INTRODUCTION ................................................. 1

2. OXIDE COATINGS ............................................... 11

2.1 Physcial Deposition Processes .................................... 13
2.2 Chemical Deposition Processes ................................... 48
2.3 Comparison of Physical and Chemical Deposition Processes ............... 58
2.4 Other Relevant Issues .......................................... 71 3

3. FLUORIDE AND CHALCOGENIDE COATINGS ...................... 87

3.1 Fluoride Coatings ............................................. 87 3
3.2 Chalcogenide and M ultilayers ..................................... 87
3.3 Physical Vapor Deposition Process ................................. 90

3.3.1 Fluoride Single Layers .................................. 90 5
3.3.2 Chalcogenide and Chalcogenide/Fluoride Multilayers ............ 96

3.4 Comparison of MBE and CVD Deposition Processes .................. 110
3.5 O ther Relevent Issues .......................................... 113

R EFER EN CES ....................................................... 116 3

V
I
I
I

vi GACIAC SOAR 91-01

Im



FIGURES

Figure Page

1 Dependence of Damage Threshold, D, of 1/4-Thick
HfO2 Single-Layer Coating on the Size of Radiation
Spot, +, at Different Pressures of Oxygen, P02, in
Vacuum Chamber, and Different Substrate Temperatures,
T,. 4 = 500 (1), 85 (II), 15 tim (III); P01 = 1.10s (1,2),
7.10- Torr (3,4); Ts = 20 (1,4), 3000C (2,3) ............................. 15

2 Dependence of Damage Threshold, D, of 1/4-Thick HfO2
and Ta20 5 Single-Layer Coatings on the Oxygen Pressure,
P02, at Different Temperatures at 0 = 15 pm. T, = 20
(1-3,5-7), 300°C (4,8); * - Ionized Oxygen ............................... 15

3 Damage Thresholds of Multilayer Coatings Produced by E-Beam
and Laser (X) Evaporation Methods: 1-27 1/4 Ta2O5 -SiO2,
2-25 1/4 ZrO2-SiO 2, 3-25 ./4 HfO2-SiO 2 (P 02 = 7.10s Torr),
4-25 ./4 f2-Si0 2 (P02 = 10-s Torr); ** - Coatings with Halfwave
Silica O vercoat ................................................... 16

4 Increase in the Damage Thresholds of Coatings D*/D Due to
Preliminary Treatment of Substrate with CW C0 2-Laser Radiation
(P = 100 W , 0 = 10 mm ) ........................................... 16

5 Distribution of Absorption and Damage Threshold of Quarter
Wave Single-Layer TiO 2 Coating in C0 2-Laser Irradiated Region ............... 17

6 The Power Damage Threshold of the Optical Coating
vs. Laser Acting Tim e .............................................. 22

7 The Energy Damage Threshold of the Optical Coating
vs. Laser Acting Tim e .............................................. 22

8 Laser Damage Survivability Curve for ZrO 2 (Half Wave @ 1.06 Mrm)
on CaF 2 with a Damage Threshold of 6.1 J/cm2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

9 Laser Damage Thresholds of Various Thin Film Dielecric Coating
vs. Substrate Thermal Conductivity ..................................... 28

10 Laser Damage Thresholds for 355-nm HR's with Various Overcoat Options
Coated at a Temperature of 150°C. Each Circle Represents the Damage
Threshold of One Sample. The Error Bar for Each Sample Represents the
Range Between the Lowest Fluency Which Caused Damage and the Highest
Fluency Which Did Not. The Average Damage Threshold for Each Overcoat
Option is Indicated by a Horizontal Bar ................................. 30

11 Laser Damage Thresholds for 355-nm HR's with Various Overcoat Options,
Coated at a Temperature of 250°C. Refer to Caption for Figure 10 ............. 30

vii GACIAC SOAR 91-01



I

FIGURES (Continued) 3
Figu re3

12 Four Methods Used to Measure Damage Threshold: (a) Single Shot per
Site (1:1), (b) Multiple Shots Per Site with Large Increments in
Fluence Between Shots (N:1); (c) Multiple Shots per Site at Constant
Fluence (S:1), and (d) Multiple Shots per Site with a Ramped Increase
in Fluenct (R: 1). Note that N: 1 and R: 1 Tests Give "Conditioned"
Dam age Thresholds ................................................ 33

13 Comparison of Unconditioned and Laser-Conditioned Damage Thresholds
for HfO2/SiO 2 and ZrO2/SiO 2 HR Quarterwave Stacks for 1-ns Pulses, I
1064 nm. The Unconditioned Values are from 1:1 Tests and the

Conditioned Values are for N: 1 Measurements ............................ 33

14 Measured Pulse Length Scaling for Conditioned and Unconditioned
Damage Thresholds of HfO2/Si0 2 Quarterwave HR Coatings at
1064 nm. The Data are from Measurements on the Three Different
Laser Systems Described in Section 2 and the Solid Line Represents I
a Least Squares Fit to the Data ........................................ 34

15 Unconditioned (S:1) and Conditioned (R: 1) Damage Thresholds
(16 ns, 1064 nm) for HfO2/SiO 2 HR Coatings Prepared by E-Beam I
Evaporation, Plasma Plating, and Ion-Beam Sputtering.
The E-Beam Data are for Coatings Prepared on Both the Small
Scale R&D Coater and the Large Scale (3-m Diameter) I
Production Coater ................................................. 35

16 Comparison of Conditioned and Unconditioned Damage I
Thresholds for HfO2 /Si0 2 Multilayer HRs, Polarizer
and Single-Layer Evanescent Wave Coatings; All Data
are for 1064-nm Laser Irradiation. The HR Data are
for Pulse Lengths of 16 ns and the Polarizer and
Evanescent Wave Coatings are for 10 ns Pulses ............................ 35

17 Unconditioned and Ramp Conditioned 1064 nm Damage Thresholds 3
(18 Hz, T = 8 ns) of Nova ZrO 2/SiO 2 and R&D HfO2/Si0 2 HR Coatings.
Conditioning Performed Using Damage Test Laser ......................... 37

18 Laser Conditioning Program Used in Raster I
Conditioning and Ramp Conditioning Experiments ......................... 37

19 Conditioned 1046 nm Damage Thresholds (18 Hz, x p = 8 ns)

of Nova ZrO2/SiO 2 and R&D HfO2/Si0 2 HR Coatings for
Various Raster Conditioning Programs. Unconditioned
and Conditioned Thresholds are Included for Reference ...................... 38 3

20 Beam Fluence vs. Shot Number for Large Aperture Nova
Conditioning Experiment. I = 1064nm, -r = I ns ........................ 38

21 1064 nm Damage Thresholds (18 Hz, = 8 ns) of Nova
ZrO2 /SiO 2 and R&D HfO2/SiO 2 HR Coatings Conditioned
by Raster Scanning and Large Aperture Nova Illumination .................... 40

viii GACIAC SOAR 91-01 I



FIGURES (Continued)

5Figure kage

22 1064 nm Damage Thresholds (•_ = 10 ns) vs. Time After
Conditioning for the R&D HfOý/SiO 2 HR Coatings Illuminated
on N ova ........................................................ 40

23 Unconditioned Results for Sample A with a 0.25 mm Spot Size.
Unconditioned Results for Sample A with a 0.5 mm Spot Size.
Unconditioned Results for Sample A with a 1.00 mm Spot Size ................ 42

24 Unconditioned Results for Sample B with a 0.25 mm Spot Size.
Unconditioned Results for Sample B with a 0.5 mm Spot Size.
Unconditioned Results for Sample B with a 1.00 mm Spot Size ................ 43

25 Histogram of Conditioned Failures for Sample A with a Spot Size of 1.0 mm.
Histogram of Conditioned Failures for Sample A with a Spot Size of 0.5 mm.
Histogram of Conditioned Failures for Sample A with a Spot Size of 0.25 mm ..... 44

26 Histogram of Conditioned Failures for Sample B with a Spot Size of 1.0 mm.
Histogram of Conditioned Failures for Sample B with a Spot Size of 0.5 mm.
Histogram of Conditioned Failures for Sample B with a Spot Size of 0.25 mm ..... 45

27 Conditioned and Unconditioned Performance of Sample A.
Comparison of the Conditioned and Unconditioned Test Results for the
Three Different Spot Sizes. Conditioned and Unconditioned
Performance of Sample B. Comparison of the Conditioned and Unconditioned
Test Results for the Three Different Spot Sizes ............................ 46

28 The Standard Deviation of the Conditioned Threshold was Largest

for the Smallest Spot Size ............................................ 47

29 Damaged Area of a 1 mm Beam (%) ................................... 49

30 [H fO2-SiO2] E-Beam .............................................. 49
31 [ZrO 2-SiO 2]8  E-Beam .............................................. 50

32 [Si0 2-A 2 0 3 ] 4  Sol-Gel .............................................. 50

33 [Si0 2-AI20 3 ] 2  Sol-Gel .............................................. 51

34 [ZrO 2 ]1 Sol-G el .................................................. 51

35 Laser Damage Thresholds of AI20 3 .H 20-SiO 2 Multilayer Coatings ............. 53

36 Radiation Stability of Th0 2 Coatings at 1064 nm-1 ns ....................... 54

37 Radiation Stability of ThO2-SiO 2 Coatings at 1064 nm-1 ns ................... 54

38 Radiation Stability of ThO 2 Coatings at 350 nm-3 ns ....................... 55

39 Radiation Stability of ThO2-SiO 2 Coatings at 350 nm-3 ns ................... 55

3 40 Laser Damage Threshold as a Function of Film Thickness.
Films Prepared Using Chemical Assisted Deposition Method .................. 60

S
i iX GACIAC SOAR 91-01



3
FIGURES (Continued) 3

Figure Page3

41 Laser Damage Thresholds Measured at 1064 nm on Annealed A120 3

Films Fabricated by Reactive Sputtering ................................. 60 3
42 Laser Damage Thresholds Measured at 1064 nm on Annealed Ta20 5

Films Fabricated by Reactive Sputtering ................................. 61

43 Laser Damage Thresholds Measured at 1064 nm on Annealed Films
of Electron Beam Ta20 5 and Sol-Gel TiO 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

44 Distribution of Laser Damage Thresholds of 33 E-beam- and
Sol-Gel-Deposited Anti-Reflective Coatings. Spreads in the
Threshold for a Particular Material Combination are Attributable
to Different Coating Designs or Deposition Parameters ...................... 64 3

45 Laser Damage Thresholds of 32 E-Beam- and Sol-Gel-Deposited
Anti-Reflective Coatings. All Samples are Comprised of
Multilayer Stacks of the Designated High-Index Material and I
Silica. Materials of Some E-Beam Coatings were not Specified
by the V endors ................................................... 64 I

46 Laser Damage Thresholds of 51 Single and Multiple-Layer Sol-Gel
Samples of a Single Material. All were Fabricated at LLNL on
Fused Silica Substrates. The Two Silica Tests were for Frosted
Type Coatings. All Other Silica Tests are Listed Under the AR I
D atabase ........................................................ 65

47 Measured Damage Threshold at 1064 nm Versus Pulse Width for
Super-polished, Bare Fused Silica and Coatings Prepared by
Either PICVD or Very High Temperature (- 1800°C) CVD. The
Data for the Bare Fused Silica are from Ref. 10, 11 and 12.
The PICVD Coating Samples Consisted of 1000 or More Quarter I
Wave Layers of Doped SiO 2. (Reference Numbers Stated Refer
to Document from Which Data was Extracted) ............................ 68

48 1-on-1 and n-on-1 Laser Strength of Binder-Aided ZrO 2 Coatings .............. 70

49 Damage Thresholds of 790 nm Anti-Reflection Coatings on
Sapphire Substrates ................................................ 72 I

50 Damage Probability Plots for the Al2O&/SiO 2 Reflectors at
9 ns and--with Scaled Fluency Values--625 ns Pulse Lengths.
After Scaling, the Slopes are Nearly Identical Indicating
Equal Defect Densities at Each Pulse Length .............................. 74

51 Probability Plots for A12O3/SiO 2 Anti-Reflection Coatings. 3
The Steeper Slope for 9 ns Indicates a 6X Higher Density
of Defects for the Shorter Pulses ....................................... 74

S
GACIAC SOAR 91-01 I



FIGURES (Continued)

Figure PIag

52 Damage Thresholds at 9, 26, 54, and 625 ns Pulse Lengths
for Six Different 351-nm Coating Types. Slopes of the
Lines, Which Represent Best Linear Regression Fits to the
Data, Indicate that Thresholds Scale at Rates Ranging from
Fourth-Root to Square-Root of the Pulse Length .......................... 75

53 Results of this Work Plus Three Other 351 to 355 nm Data
Sets (References 2-4). All Thresholds are Normalized to 10 ns.
Symbols Represent Average Scaling for Each Data Set; Error
Bars Represent Extreme Scaling Values for Each Set. Solid
Line Indicates the Weighted Average Scaling for the Range 0.6
to 625 ns, which is T0 .3 2. The Dashed Line Indicates the Slope
Appropriate for Square-Root Scaling. (Reference Numbers Stated
Refer to Document from Which This Data was Extracted) .................... 76

54 Comparison of the Experimental Damage Threshold Values
from Reference 1 with the 1/cosO Expected from Simple
Geometric Scaling. (Reference 1 Refers to the Document
from W hich the Data was Extracted-).) ................................... 83

55 Comparison of the Experimental Damage Threshold Values from
Reference 1 with the Cylindrical Defect Extension to Simple
Geometric Scaling. (Reference 1 Refers to the Document from
W hich the Data was Extracted) ........................................ 83

56 Laser Damage Threshold Values for Uncoated Corning 7940 Fused
Silica with Random Polarization Scale as 1/cos0. The S-Polarization
Results are Further Enhanced ......................................... 84

57 Laser Damage Threshold Values of Evaporated Aluminum with Random
Polarization Scale as 1/cosO. The Thresholds for the S-Polarization
Results are Enhanced More Than the Uncoated Fused Silica ................... 84

58 The Laser Damage Threshold Values for HfOJSiO 2 and A12 0 3/SiO 2
Multilayer Dielectric Relfeccors are Compared with 1/cos0 and 1/cos0 ........... 885

59 The Laser Damage Threshold Values for HfOJ/SiO 2 and A12 0 3/Si0 2
Multilayer Dielectric Relfectors are Compared with 1/cos0 and the
Cylindrical Defect Model with r/t = 0.4 ................................. 85

60 Damage Thresholds at 193 nm of Single Layers
(Thickness: Typically 400 nm ) ........................................ 97

61 Laser Induced Damage Thresholds at 193 nm of
High-Reflecting Multilayer Stacks. The Dashed
Lines Indicate the Thresholds of the Corresponding
Single Layer Results . ............................................... 97

Sxi GACIAC SOAR 91-01



1

FIGURES (Continued) 3
Figure Pafe 3
62 Single-Shot Laser Damage Frequency Data for the Low-Defect Mirror ........... 99

63 Single-Shot Laser Damage Frequency Data for the High-Defect Mirror ............ 993

64 Energy Density Damage Threshold vs. Pulse Width.
The Thresholds at 1.2 ns and 70 ns are from
References 1 and 2, That at 1 Vs is from Reference 3,
and Those at 3 Vs and 10 Vs are from Reference 4.
(Reference Numbers Stated Refer to Document from Which
this Data was Extracted) ........................................... 103

65 Laser Damage Probabilities of a ZnS/BaF2 Partial
Reflector at 1.06 pmm .............................................. 103 i

66 Laser Damage Probabilities of Thin Films of the Component
Materials of the Design Used for the Tests in Figure 65 ..................... 112

67 Typical Damage Probability Plot Determined for a Film of

Barium Fluoride Deposited on ZnSe at Ambient Temperature ................ 112

ISS
II

II

xii GACIAC SOAR 91-01

I



TABLES

Table Page

1 Absorptance, Refractive Index and Deposition Method of the Coatings
Investigated (G: K9, .: 1.06 .m ) ..................................... 18

2 Standing-Field Corrected Damage Threshold (Jcm"2)
Dependence on Film Thickness of Single Layer
(10 ns-1.06 Am-Nd:YAG Laser with Spotsize-44 /m) ....................... 18

3 Damage Threshold (Jcm"2) of HR Coatings on Film
Thickness of SiO 2 Overcoats (10 ns-1.06 /m-Nd:YAG
Laser with Spotsize-44 Mm) .......................................... 19

4 Damage Threshold (Jcm"2) Dependence of AR Coatings on
Film Thickness of A120 2 Undercoats (10 ns-1.06 am-Nd:YAG
Laser with Spotsize-44 Mm) .......................................... 19

5 Measured Laser Damage Threshold Studies ............................... 20

6 The Damage Resistance of ZrO 2 Thin Films with Different Crystallinity .......... 21

7 The Damage Resistance of ZrO 2/Si0 2 HR Multilayers with Si0 2 Overcoatings
D ifferent Thickness ................................................ 21

8 Dielectric Thin Film Coatings and Substrates .............................. 23

9 Single Pulsed Laser Damage Threshold Measurements ....................... 24

10 Variable Angle Scatterometer Measurements .............................. 25

11 Thin Film Absorptance Measurements at 351, 514, and 1320 nm ............... 26

12 Unconditioned Damage Threshold Measurements .......................... 41

13 Laser Damage Thresholds and Refractive Indices of Single Oxide Coatings ........ 52

14 Single Shot Laser Damage Threshold (400*C Deposition) .................... 56

15 Damage Thresholds Before and After Treatment ........................... 57

16 Summary of Annealed Film Characterization Data .......................... 62

17 Reflectance and Damage Threshold of Several HR Coatings ................... 69

18 Sources and Test Conditions ......................................... 77

19 Damage Threshold Scale Factors: 9 to 625 ns ............................ 77

20 Pulse Length Scaling Comparison ...................................... 78

21 Thermal Parameters and Damage Threshold of Oxide Layers .................. 79

xiii GACIAC SOAR 91-01



I
TABLES (Continued) I

Table a 3
22 Shows Calculated Values of Temperature Rise in Oxide Films

(Eq. 4), Damage Thresholds by Inclusion Model (Eq. 5), Measured
a & ED ................................................... . 79

23 Iodine Laser Damage Survey ......................................... 81

24 Properties of Fluoride Materials of Interest as Thin Films ..................... 88

25 Variation of 1.06 Am LIDT with Film Thickness for ICB BaF 2 Film ............ 91

26 Laser Damage Thresholds at 10.6 Am ................................... 91

27 Comparison of the Damage Threshold Between the Porous Dielectric AR Coating,
and the Quartz at I = 355 nm (,rp = 0.4 ns), 527 nm (-r, = 1 ns), Respectively .... 93 U

28 Morphology of Evaporated Fluoride Single Layers .......................... 95

29 Optical Data of the Deposited Multilayer HR Stacks ........................ 96

30 Ratio of Film to Substrate Laser Damage Thresholds for ZnS on Ge ........... 101

31 ZnS Films on High LDT Substrates ................................... 102 3
32 Laser Damage Thresholds of Various UHV-Produced Films .................. 104

33 CdTe Test Sample Specifications ...................................... 106 3
34 Damage Test Results on CdTe Samples ................................ 106

35 Damage Test Results on CdTe Samples ................................ 107 3
36 Damage Test Results on CdTe Samples ................................ 107

37 Damage Test Results on CdTe Samples (continued) ........................ 108

38 Laser Damage Thresholds of Barium Fluoride Films on ZnSe Substrates at 10.6 ,m 111

39 Laser Damage Thresholds of Fluoride Thin Films and Multilayers .............. 114

40 Damage Thresholds of 10.6 am Coatings ............................... 115

41 Comparison of 0.5145 Azm Scatter and 10.6 Am Damage Threshold ............ 115

I
I
I
I

xiv GACIAC SOAR 91-01 3



5 1. INTRODUCTION

The application of thin film coatings in optical systems is varied and has become a necessity

in achieving high performance. Typical applications involve enhancing reflectance from or

transmission through an optical surface, selecting a transmitted or reflected polarization, selecting a

transmitted or reflected spectral band and improving the mechanical and environmental tolerance of

an optical surface. The prolific use of lasers in optics, particularly in applications in which high

power densities and large pulse energies are employed, has created an interest in the study of thin3 film materials and designs tolerant of these levels. There is an increasing need to determine the

threshold of damage, understand the mechanism of damage and to determine how damage

* thresholds can be increased by improving specific properties of the film and employing design

principles which reduce susceptibility to damage.

3 Thin film materials typically exhibit characteristics which differ from their bulk

counterparts. Many of these differences are due to dissimilar structure and in some cases unlike3 composition. These differences arise from the variety of synthesis techniques and variations

thereon being used. Techniques commonly used include thermal evaporation, ion beam deposition,

3 RF sputtering, plasma deposition, photochemical deposition, molecular beam epitaxy, the sol-gel

process, chemical etching and plating. Each of these processes produces structures and sometimes

chemical compositions at the atomic level which can differ from one another as well as from the

bulk materials. Films deposited by thermal evaporation often grow as columns. These films

contain a reasonably high evidence of defects which can be sites at which damage originates. Strain

is also common in thermally evaporated coatings which can lead to cracking and delamination,

particularly in layered films of more than one material. The more refractory materials, such as the

oxides can only be evaporated using an electron beam or ion beam process. While these coatings

are hard, adherent and amorphous, they often contain pinholes. Some techniques, such as RF

sputtering, plasma deposition and molecular beam epitaxy inherently have low deposition rates

creating more dense uniform coatings with fewer defects. Molecular beam epitaxy offers potential

for minimizing defects by growth of single crystal films. Absence of grain boundaries and

impurity absorption associated with them, as well as elimination of surface roughness replication, is
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hoped to remove sources of damage initiation. Plasma deposition has found application in 3
depositing hard durable coatings such as diamond like carbon films. Plasmas have also been used

along with other processes to provide added energy at the substrate surface to increase atomic

mobility reducing vacancy sites. Sol-gel processes involve chemical reactions at the substrate

surface. Films synthesized by this process may have high porosity due to vaporization of solvents. 3
Such porosity may reduce stress but also harbors contaminants.

In general, thin film materials exhibit greater absorption than their bulk counterparts, 3
contributing to a reduced damage threshold. This higher absorption can be attributed to impurities

or contaminants in the film related to the deposition process, exposure to the atmosphere,

inadequate cleaning of the substrate prior to deposition or introduced in handling, shipping and

storage. 3
In addition to properties of the material, the particular thin film design plays an important

role in a coating's susceptibility to damage. In particular, the electric field inside the film or 3
combination of films is related to the intensity of the light wave, its wavelength, the refractive

indicies of the film materials and their thickness. If the film design allows the peak fields to occur 3
at discontinuities between dissimilar materials, the potential for damage is enhanced. Designs

which place the field maxima inside the layers, especially the low index layer, and minimize the field 3
at the interfaces can substantially increase the damage threshold. This may be achieved by graded

index designs and non quarter-wave designs. 5
The following review of the current state-of-the-art is pursued to assess damage thresholds

of commonly applied thin film optical materials, to identify synthesis techniques which have 3
potential for improving damage thresholds and to identify characteristics of thin film materials

which degrade damage thresholds so that such characteristics can be avoided or corrected. The 3
review is organized by material types. Section 2 addresses oxide coatings, Section 3 addresses

fluoride coatings and Section 4 addresses chalcogenides and multilayers of chalcogenides and 3
fluorides. Providing damage threshold data is the prime motivation. However, the relevance of

the data to a particular application requires an understanding of how the measurement was made, 3
particular details of the laser used and a description of how the film was synthesized. This

information is also documented in the review. The films studied have a variety of applications 3
including HR, AR coatings and beam splitters. In most instances, they have been synthesized

specifically for the purpose of improving damage threshold or examining some particular synthesis 3
technique, post synthesis treatment, or design as a potential means of improvement.

I ,
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"The data base is the Boulder Damage Symposia for the years 1984 through 1989. As an

aid to finding damage threshold data for single layer coating materials or multilayers, the following

index is provided. The index may be used to identify damage data corresponding to a particular

process by which the coating was synthesized, a particular laser wavelength and corresponding test

conditions. Comments relevant to the various test parameters considered and analyses performed

in the reference article from which the data was extracted are also sited. The pages in this review

on which the laser damage data appears are identified. A detailed summary of each reference

follows the index and the specifics of the reference are itemized in the bibliography.
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2. OXIDE COATINGS

Oxide coatings have been much exploited for optical applications due to their spectral range

of transmission extending from the ultraviolet to the near-infrared. They are of particilar interest

in laser applications due to their refractory nature and offer additional desirable characteristics such

as: (1) being thermally and chemically stable and environmentally durable; (2) being excellent

diffusion barriers, particularly at multilayer interfaces; (3) having been more thoroughly studied

and more understandable than other compounds of interest. The oxides are generally compatible

with other optical materials allowing deposition on a variety of substrates and the fabrication of

multilayer stacks with other desirable thin film materials such as the fluorides. Oxides have also

been used as multilayers on such stacks to improve environmental resistance and t',.uoon judicious

design, have been applied to adjust the electric field distribution of thc Light wave in the stack so as

to increase its damage threshold. Certain oxides, such as A120 3, are resistant to moisture and

fluorine and are compatible with high index materials such as AIN, allowing multila,,er AR

coatings to be fabricated on excimer laser windows. These materials have been prepared with

indicies of refraction which allow for production of near zero reflectance and very low losses.

To obtain oxide films of the desired stoichiometry, adhesion, environmental durability, and

optical properties, a variety of synthesis techniques are employed, including thermal and electron

beam evaporation, RF and ion beam sputtering, ion assisted deposition, chemical vapor deposition

and the sol-gel process. Thermal and sputtering techniques commonly involve the introduction of

a low pressure oxygen background to the chamber to adjust the stoichiometry. The sputtering

techniques are of particular interest since they lead to dense low scatter coatings with indicies closer

to bulk values. Ion assisted deposition has been explored as a means of significantly influencing

film growth and resulting film properties by providing energy and momentum to the growing

film by way of bombardment with a beam of ions. The ion beam increases adatom mobility and

eliminates the formation of a columnar microstructure resulting in more dense, less porous films

exhibiting higher refractive indicies. This process has been shown to reduce scatter, improve

environmental stability, modify stress, and improve stoichiometry.

In certain applications, oxides are mixed during the film formation. For instance, it has

been found to be beneficial to add a small component of SiO 2 when depositing TiO2 films to

inhibit crystallization. The microstructure of TiO2 thin films in the absence of SiO 2 is easily

11 GACIAC SOAR 91-01



I
modified under the influence of heat resulting in crystallization which destroys the optical utility of

the film by increasing the scattering loss and the effective extinction coefficient. Other applications

of mixed oxides are the creation of indicies not inherent to optical coating materials in their pure

form. By varying the oxide mixture during deposition, continuously varying or graded indicies

have been achieved to realize AR coatings and HR rugate filters. 3
Porous silica coatings were developed in response to the need for damage resistant coatings

at ultraviolet wavelengths and have been applied to optical elements of large apertures (on the 3
order of 1 meter). Such coatings are made by a sol-gel process in which the coating is derived

from a precursor material spun on the substrate and subsequent chemical reaction. Oxides other 3
then silica may be formed from different precursor materials. Such porous films are also being

applied to longer wavelength applications (1064 run). The index of the coating can be adjusted by

varying the porosity. In addition to homogeneous indicies, AR coatings can be made by

continuously varying the porosity and HR and AR coatings can be made by depositing multilayers

of different porosities eliminating differences of physical properties of dissimilar materials at

multilayer interfaces. 3
Coatings fabricated by the above processes have been subjected to different types of post

deposition processes such as heat treatments in air and vacuum, ion bombardment and laser 3
annealing. Such treatments have been explored as means to improve the optical properties and

damage thresholds of single and multilayer coatings. It is anticipated that such processes allow 3
annealing of defects at which damage initiates and from which light is scattered. Improvement has

been found to depend upon the material and details of the synthesis process.

Section 2.1 is a review of work performed to assess the damage thresholds of oxide

coatings deposited by physical deposition processes including thermal evaporation, E-beam

evaporation, RF and ion beam sputtering, and ion beam and molecular beam processes. Research

performed to determine damage thresholds of coatings deposited by chemical processes are

discussed in Section 2.2. In Section 2.3 damage thresholds are compared by workers who have

synthesized coatings by both processes. The work reviewed in Section 2.4 does not specify how 3
coatings were deposited, but assesses the influence of a variety of other factors on damage

threshold, such as thin film design, influence of substrate, and angular dependance of the incident 3
beam.

A variety of other issues influencing damage threshold are discussed in each reference. It 3
has been chosen to organize the references reviewed in terms of deposition process and not to try

I
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and combine work of various authors in categories corresponding to the many issues which

influence damage threshold. The principal motivation has been to preserve the continuity of

technical discussion and background provided by each author to assure credibility and relevance to

the damage threshold data presented by each reference.

2.1 PHYSICAL DEPOSITION PROCESSES

The influence of the deposition process of refractory oxides and silicon dioxide on the

damage threshold of single and multilayer systems has been examined by Fai Zullov, et. al.

I (Ref. 1). Ta2Os, ZrO2 and HfO2 were studied as materials for high index layers and SiO 2 was

studied as the low index layer. A comparison was made of damage thresholds for films deposited

by E-beam evaporation and films deposited by laser thermal evaporation (200 watt CO2 laser).

For the latter, absorption and the number of defects was found to increase and the damage

threshold to decrease with distance in the film from the melt crater on the evaporant target. Films

were deposited in a reactive oxygen environment to achieve correct stoichiometry. Laser

evaporation was anticipated to avoid contamination associated with conventional evaporation. Both

single layer films and HR and AR stacks were examined. Fused silica substrates were used. The

influence of oxygen partial pressure during deposition, substrate temperature, laser cleaning of the

substrate and damage spot size was examined. Increasing oxygen partial pressure was found to

improve the damage threshold and increasing the substrate temperature was found to decrease the

damage threshold of single layer coatings. The HfO2 coatings were found to have maximum

damage thresholds with large variations in thresholds from site to site. While thresholds were

lower for Ta2O5, the spread was not as large. Laser cleaning of the substrate was found to

significantly improve the damage threshold of single layer films (a factor of 10 x for ZrO2).

However, for multilayer films, the improvement diminished with the number of layers since most

of the radiation was reflected in the stack before reaching the substrate surface.

The deposition of a halfwave silica overcoat was found to improve the damage threshold of

multilayer films. While one possible explanation is stress compensation, another explanation is

presented based on absorption of energy in the halfwave silica layer which acts also a heatsink to

reduce the temperature of the underlying layer. This approach has resulted in HR ZrO2/SiO 2 and

HfO2/SiO 2 stacks exhibiting damage thresholds close to that of pure optical glass, i.e., 400 J/cm 2.

Damage thresholds for 2 cm diameter spots and 2nsec pulses at X = 1.06 Pim resulted in damage

thresholds of 5 to 7.5 J/cmn.

I
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The following damage data presented in Figures 1 to 5 was generated using three different

lasers all operating in the TEM. transverse mode: (1) a passively Q-switched Nd-glass laser with

pulse width of 2 to 30n sec with spot sizes of 60 microns to 2 mm (some measurements involved

2 cm spot sizes); (2) a Nd-glass laser with pulse duration of 25 nsec and focal spot size of

85 microns; (3) an acousto-optically switched Nd:YAG laser with pulse width of 85 nsec and spot

size of 15 microns with energy density up to 500 J/cm2 at the sample surface.

Damage measurements were made by scanning the samples line by line using a PRF of 3
760 Hz without overlapping irradiated spots producing 150 sets of data per line at constant energy

density. Power was reduced in each line until no coating damage occurred. The number of

damage sites was determined by examination with an optical microscope to measure damage

probability as a function of energy density. In the figures, D, and D, correspond to damage 3
probabilities of 0 and 1 respectively.

The dependence of damage threshold on film thickness was studied for E-beam and I
thermally evaporated coatings by Zhouling, et. al. (Ref. 2). It was found that for irradiation with

a Nd:YAG laser (10n sec pulse width), SiO2 single layer films showed no thickness dependence nor

did TiO2 and Ta2O5 after correcting for differences in internal field strength. However, ZrO,

showed a thickness dependence even after correction for the standing wave field. It was also 3
ascertained that the damage threshold improvement by using SiO, overcoats and A1203 undercoats

has a strong dependence on film thickness. The damage threshold of ZrO2/SiO2 HR coatings 3
improved by 80% with a half wave overcoat and 300% with a three wave overcoat.

The absence of thickness dependence of TiO 2, Ta2Os and SiO 2 single layers is accredited to I
the substrate interface absorption dominating over the bulk and air-film interface absorption, that

being the direct cause of laser damage. In ZrO2, total absorption losses and impurity sizes are

thought to increase with film thickness and thus the damage threshold decreases.

The improvement in damage threshold due to overcoats is related to improved surface I
morphology and interface structure resulting in smoother films and finer microstructure. However,

their seems to be an upper limit, on the order of 3 to 3-1/2 waves, at which stress cracks the film,

greatly reducing the damage threshold. For undercoated AR coatings, improvements are thought

to be related to a better film-substrate interface.

Data on deposition method, refractive index and absorption is provided in Table 1. The 3
data presented in Tables 2 through 4 was obtained with a Q-switched Nd:YAG laser run in the

TEM00 mode with a i0n sec pulse width and 44 micron spot size. A one on one test, format was 3
14 GACIAC SOAR 91-01
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Figure 1. Dependence of damage threshold, D, of ./4-thick HfO2 single-layer coating on
the size of radiation spot, 0, at different pressures of oxygen, P021 in vacuum
chamber, and different substrate temperatures, T,. * = 500 (1), 85 (II), 15 Pm
(MI); Pol 1.10-5 (1,2), 7.10- Torr (3,4); T1 = 20 (1,4), 300°C (2,3).
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Figure 2. Dependence of damage threshold, D, of 1/4-thick HfO2 and Ta20 5 single-layer
coatings on the oxygen pressure, P02, at different temperatures at 0 = 15 Pm. T,
= 20 (1-3,5-7), 300°C (4,8); * - ionized oxygen.
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Table 1. Absorptance, Refractive Index, and Deposition Method
of the Coatings Investigated (G: K9, 1: 1.06 Mm)

Refractive

Material Absorptance (104) Index Deposition Method

nd: 1/2 2X 32/2

SiO 2  2.1 2.3 2.0 1.46

TiO2 8.2 8.6 9.1 2.40 EB evaporation
T = 250°C

Ta205  5.0 5.6 6.8 2.00 P = (2 - 3) x 105 torr

ZrO2  4.1 6.8 9.9 1.90

ZnS 15.2 19.8 23.1 2.30

MgF2  4.8 7.8 Cracked 1.38 R evaporation

SiO 2 overcoat 6.0 6.5 5.8 1.46 I
of ZrO2'SiO2
H R e
SiO2 overcoat 7.8 7.6 8.0 1.46 T = 250'C
of TiO 2/SiOC)T2 25°
HR P = (2 - 3) x 10' torr

A120 3  7.3 6.4 6.6 1.60
undercoat of 1
SiO2/TiO 2 AR

EB = Electron Beam; R = Resistance; T = Substrate Temperature; P = Deposition Pressure.

Table 2. Standing-Field Corrected Damage Threshold (Jcm-2) Dependence on Film

Thickness of Single Layers (10 ns-1.06 gim-Nd:YAG Laser with Spotsize-44 jim) 3
Material nd: 1/8 1/4 1/2 31/4 1 51/4 31/2

SiO 2a 67.1+5.2 66.3+4.6 65.0+4.2 65.7+4.1 65.2+3.8 67.9+5.5 63.8+6.1 3
TiO 2  18.6+6.1 19.7+6.8 17.8+3.9 18.4+3.1 16.1+3.6

Ta20 2  18.3+3.74 20.1+3.5 19.8+4.1 19.3+4.3 17.8+4.5 3
ZrO2  40.5+5.3 35.8+4.4 28.9+3.4 20.3+3.5 10.3+2.6

ZnS 19.8+3.8 16.2+4.1 10.9+3.2 8.4+1.2 6.3+1.0 3
MgF2  53.6+6.1 48.3+4.8 30.1+±3.6 5.6+3.2N cracked

a Damage threshold data without standing-field correction. 3
b Cracks induced by stresses observable before damage testing.

I
18 GACIAC SOAR 91-01



Table 3. Damage Threshold (Jcm"2) of HR Coatings on Film Thickness of SiO 2 Overcoats
(10 ns-1.06 _m:YAG Laser with Spotsize-44 tim)

nd of
HR Without Overcoat:

Material Overcoat 1/2 1 21 31 71/2 41

ZrO2/SiO 2  14.1+2.8 25.8+3.2 30.5+2.9 46.3+3.8 55.2+4.0 53.8+3.6 16.3+3.1

TiO2/SiO 2  12.6_+3.5 22.5+2.6 28.3+3.6 37.6+.4.2 42.8+4.5 26.4+4.8 9.5+3.4

Table 4. Damage Threshold (Jcm-2 ) Dependence of AR Coatings on Film Thickness
of A120 2 Undercoats (10 ns-1.06 gm-Nd:YAG Laser with Spotsize-40 pm)

Without
AR Materials Undercoat nd: 1/2 X 31/2 21

SiO2/TiO 2  4.8+1.4 5.6+2.3 8.3+2.1 10.4+2.1 10.3+2.3I
I used with 30 to 50 irradiations on each film sample. The damage threshold corresponds to the

arithmetic mean value of the highest non-damage energy density and the lowest damage energy

3 density, corresponding to a damage probability of 50%.

In work performed by Krishna, et. al. (Ref. 3), the effect of absorption on damage

3 threshold was evaluated. Deposition parameters such as deposition rate, oxygen partial pressure,

substrate temperature and discharge current of the Heitmann type oxygen ion source were varied3 to synthesize Ti 2 films. The films were deposited by evaporating TiO using E-beam in a low

energy ion assisted deposition process. The refractive index, absorption coefficient and damage

threshold were studied as a function of the deposition parameters. Films were deposited at

ambient temperature and an oxygen partial pressure of 2 x 104 torr. The deposition rates were

9 nm/min and 18 nm/min. Discharge current was varied between 0 and 400 mA. The physical

thickness of the films was 280 nm.

3 Increased ion discharge current increased oxygen content of the film, impru I spectral

transmission and lowered absorption. The refractive index changed insignificantly with an increase

in discharge current for both rates of deposition. A slightly higher absorption was found for the

higher deposition rate. For both deposition rates, the index and absorption coefficient decrease

with increasing wavelength. An increase in index with deposition rate was attributed to an increase

in packing density. The increase in absorption at shorter wavelengths is due to the intrinsic

absorption edge of the material (at 380 nm). The films deposited at 200 mA were found to have
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I
the lowest absorption coefficient and the highest laser damage threshold. Deposition rate did not

affect the optical properties significantly.

The damage thresholds reported in Table 5 were measured using a Nd:YAG laser with spot I
diameters of 0.35 mm and 1.05 mm. Due to the large size of the spots, no difference was noted

in damage threshold for either spot size.

Table 5. Measured Laser Damage Thresholds Studies 3
Rate of deposition: 9 nm/min
Working pressure: 2 x 104torr
Laser used: Nd:YAG

Discharge current Power density
(mA) k (650 nm) J/cm2  3

0 0.007 3.6

50 3.6 3
100 0 3.7

150 3.6 3
200 0 4.6

250 0 3.9 3
400 0.001 3.7

I
The damage threshold of refractory oxide films exposed to high energy pulses from a

Nd:glass laser was measured by Zhengxiu, et. al. (Ref. 4). Single layer TiO2 and ZrO2 films were I
exposed to 3 m sec pulses having several hundred subpulse peaks of microsecond duration. It is

thought that the laser induced damage in these films is due mainly to the amplitude of the pulse I
peak, however, repeated pulses accelerate the damage process. TiO 2 films were found to have

degraded damage thresholds for repeated pulsing. The acceleration of damage by the repeated U
pulses depends on the intrinsic properties of the thin film. The damage threshold is related to the

film structure, the smaller the grain, the higher the damage threshold. For ZrO2 films, it was 3
found that the damage threshold was also sensitive to the crystal structure being highest for cubic

crystaflinity and lowest for monoclinic crystallinity. 3
As in the work performed by Zhouling, et. al. (Ref. 2), it was found that overcoating of

TiO2/SiO2 multilayers improved their damage threshold, the improvement being attributed to a I

I
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smoother surface morphology. Again, an upper limit of 2-1/2 waves thickness was observed

beyond which the damage threshold dropped.

The data presented in Figures 6 and 7 and Tables 6 and 7 was obtained using a Nd:glass

free vibration laser with maximum output of 1000 J. Pulses of several milliseconds with several

microseconds fine structure were chopped by a narrow slit of variable width to adjust the exposure

time.

Table 6. The Damage Resistance of ZrO2 Thin Films
with Different Crystallinity

Crystallinity Amorphous Cubic Monocinic

Damage threshold (j/mm2) 19 36 14

Table 7. The Damage ResL.,:%,L-e of ZrO2 /SiO 2 HR Multilayers
with SiO 2 Overca-itings of Different Thickness

Thickness of SiO 2 overcoating (1) 0 0.5 1 1.5 2 2.5 3 3.5

Damage threshold (j/nirný) 8 10 14 25 31 36 30 20

1 = 1.06 ipm

Guenther, et. al. (Ref. 5) performed 1 on 1 damage tests on multilayer refractory oxide

coatings including SiO 2, TiO 2, Ta205 and ZrO2 deposited on glass and BK-7 optical flats by

reactive ion plating deposition. RMS roughness was in the range of 3.5 nm for the glass and

1-2 nm for tl-, BK-7 flats. Damage measurements were made at 1064 nm with a 600 mJ output

and at 532 nm with 160 mJ output. Exposures were with 20 mJ single pulses of 15 nsec duration

(FWHM) using 0.5 mm spot size. Damage thresholds ranged from 7 J/cm 2 to >20 J/cm 2 varying

with the design and materials. A particular ZrO2/SiO 2 coating exhibited a threshold >40 J/cm2.

Tests performed with another Nd:YAG laser delivering 75 mJ/pulse in 9.8 nsec (FWHM) with a

0.8 mm spot size on Ta2C) laser mirrors exhibited damage thresholds as high as 28 J/cm2 on

several sites and thresholds as low as 2.8 J/cm2 on other sites. Poor polish of the substrates may

have been the cause of the lower thresholds.

The potential use of charge emission as a nondestructive indicator of precursory laser

induced damage was investigated by Kardach, et. al. (Ref. 6). Thermal properties of the film and

substrate were also related to damage threshold. Twenty-two different half wave thick oxide and

fluoride coatings were deposited by E-beam evaporation onto three different substrate materials
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as identified in Table 8. Substrate surface finish was qualified as state of the art. Both 1 on 1 tests

(irradiation of each site with a single pulse) and n on 1 tests (each site irradiated by several pulses)

were performed with samples in 10s torr vacuum. A Q-switched Nd:YAG laser operating in the

TEMJD mode was used with 5 nsec FWHM pulses at 1.06 micron wavelength. The spot size

achieved by focussing with a 2 m focal length lens was 500 microns. The laser was fired at a

constant rate of one shot per minute. A square grid of 170 target sites was irradiated on each

sample. Single pulse laser damage thresholds are reported in Table 9. Three types of n on I

experiment were performed: (1) repeated irradiation of each target site with pulses of the same

energy density, (2) irradiation of a site with a series of pulses of increasing energy density until

damage occurred and (3) repeated irradiation of a target at a fixed energy density for a number of

shots (usually 5), continuing at steadily increasing energy density. Charged particle emission was

measured with a 1 cm diameter loop of wire, positively biased at 1 KV, through which the laser

was fired. Damage threshold was determined by observing plasma breakdown (sparks) with a long

working distance microscope and TV camera. Post irradiation measurements using a Nomarksi

microscope confirmed damage with criteria being pitting, bubbling, holes, discoloration, etc.

Table 8. Dielectric Thin Film Coatings and Substrates

DIELECTRIC THIN FILM COATINGS

ThO2  ThF4 A203 AIF 3

MgO MgF2  SiO LaF3

Y203 YF3  Si0 2  Na3AIF6
(Cryolite)

HfO2  HfF4  ZrO2  NaF

Sc20 3  ScF3  TiO2  ZnS

CeO 2  CeF3

SUBSTRATES

Fused Silica (SiO 2)
Sapphire (A1203)

Calcium Fluoride (CaF2 )
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Table 9. Single Pulsed Laser Damage Threshold Measurements I
SUBSIRATES

Fused Silica Calcium Fluoride Sapphire
COATINGS (SiO) (CaF2) (AIos)

Th0 2  5.5 J/cm2 (S1311) 5.5 J/cm 2 (F5783) 8.7 J/cm2 (A102)
5.0 j/cm2 (S135o)

MgO 4.3 J/cm2 (S1304) 3.2 J/cm2 (F9858) 11.1 J/cm2 (A173)
5.0 J/cm2 (S1318)

Y20 3  8.4 J/cm2 (S1335) 8.1 J/cm2 (F8849) 13.8 J/cm2 (ASO)

Hfo 2  6.3 J/cm2 (S1347) 4.4 J/cm2 (F4772) > 15.0 J/c.2 (A1O)
4.9 J/c (S1359) 10.7 j/c.2 (A46)

Sc203 3.0 J/cm2 (S1330) 6.8 J/cm2 (F8838) 12.3 J/cm2 (A137)
5.6 J/cm2 (S1365) 12.1 J/cm2 (A1S0)

C-O 2  2.3 J/cm2 (S1345) 8.6 J/cm2 (F5786) 13.7 J/1cm2 (A31)
2.2 J/cm2 (S1367) 9.9 J/cm2 (A116)

AI203  5.7 J/cm2 (S1362) 6.8 J/cm2 (F1716) 4.4 J/cm2 (A16)
4.1 J/czm2 (S1441) 3.9 J/cmý (F6798) 7.1 J/cm 2 (A139)

SiO 3.9 J/cm2 (S1300) 4.4 J/cm 2 (F5792) 4.7 J/cm2 (Alll)

2.4 J/cm2 (S1364) 9.6 J/cm2 (Al19)
Si02 14.5 J/cm2 (S1302) 15.6 J/cm2 (F1703) 26.6 i/cm2 (Al15)

12.3 J/cm2 (S1342) >17.0 J/cm2 (F8846)

ZxO2  2.0 J/cm2 (S1368) 6.1 j/cm2 (F9866) >12.9 J//cm2 (A35)
6.9 J/cma (A112)

T'02 .......... 3.6 J/cm,2 (F7825) 7.3 J/cm2 (A44)

6.8 J/cm 2 (A66)
ThF4 8.1 i/cm• (S1306) 10.8 J/cm2 (F1705) 13.4 J/cM2 (A5)

3.8 i/cv2 (S1446) 7.4 i/cm.2 (F3756) 8.7 J/cm2 (AI70)

MgF2  7.4 J/crn (S1316) 8.3 J/cm2 (F2736) 27.9 l/cm2 (A129)
6.1 I/cm2 (S1389) 4.3 jlcm2 (F3750)

YF3  11.6 J/cm2 (S1326) 6.5 i/cm2 (F4770) >27.0 J/cm2 (A121) I
7.5 J/cnJ (S1409) 8.8 j/cm2 (F4774) 9.2 J/AW2 (A131)

HfF4 9.7 J/.m2 (S1341) 14.6 J/cm2 (F1707) 10.0 j/'m2 (A41)

12.3 /Icm2 (S1397) 3
ScF3  11.1 j/cm2 (S1363) 8.7 J/lm2 (F4760)

6.4 J/can (S1402) 10.5 J/cm2 (F4768)
CeF 5.1 J/cm2,(S1366) 8.6 J/c•2 (F1717) 17.2 J/cm2 (A18) U

10.0 i/cm2 (S1405 5.6 i/cm2 (F6801) 12.0 J/cm2 (A138)
Al-3 19.4 J/cm2 (S1361) 9.7 J/cm2 (F1712) 19.1 J/cm 2 (AlS)

5.4 j/cm2 (F4767)

LaF3  5.8 J/cm2 (S1319) 4.7 J/cm2 (F7816) 27.1 i/cm2 (A93)
8.5 i/cm€ (S1424) 4.7 i/cm2 (F8937) 11.3 J/can (A99)

Na3AlF6 8.9 J/cm2 (S1370) 4.9 J/cm2 (F5784) 9.2 J/cm2 (A90) I
7.3 i/cra (S1394) 3.7 J/cm2 (F5787) 11.3 J/cm2 (A103)

NaF 1.7 i/c, 2 (S1373) 1.9 i/cm2 (F1711) 4.1 i/cm2 (A105)
1.4 J/cm2 (S1442) 1.8 J/cm2 (F4766)

ZnS 1.9 j/cm2 (S1372) 4.6 i/cm2 (A154)
I_ 1_ _ 5.3 J/cm2 (A160)

Fused Silica (SiO2) Substrate 27.7 J/cm2 (S1434)
Calcium Fluoride (CaF2) Substrate 13.1 J/c.2 (F5789)
Sapphire (A"20) Substrate 9.4 i/cm (A147)
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Scatter measurements were made on each coating before and after deposition, results being

reported in Table 10. Comparative roughness of the substrate was 3 ± 1 angstroms RMS,

9 ± 8 angstroms RMS and 11 ± 8 angstroms RMS for fused silica, sapphire and calcium fluoride

respectively. Precision laser calorimetric absorption measurements were made at three wavelengths

as reported in Table 11.

Survivability curves, showing the probability of coating damage for a given laser energy

density, were used to determine 1 on 1 pulsed laser damage thresholds. Energy density is an

average for all laser shot energies in a given range (for instance 2.5 to 3.5 J/cm2), the range

depending on the sample and how laser energies were group-d. Damage probability was

determined from the number of exposures to damage the coating divided by the number of

Table 10. Variable Angle Scatterometer Measurements

TSiO 2 Substrate CaF2 Substrate A120 3 SubstrateM•n Film

(ppm) Uncoated Coated Uncoated Coated Uncoated Coated

Ti) 2  0.8794 1.9016 3.4652 17.542 0.0749 2.6876

HfO2  0.3724 4.0874 28.9236 1439.5 1.9146 5.7012

CeO2 0.4232 18.839 12.0805 759.64 0.1633 22.837

SiO 2  .... .... 8.4558 33.7911 6.0399 0.0837

ZrO2  0.6067 9.6536 .... .... 0.8456 7.7232

A120 3  0.2195 1.0702 .... .... 0.2551 0.6962

ThO2  .... 139.33 .... .... 0.0523 267.40

Sc 20 3  0.7303 15.186 .... ....

Y2O3 0.2833 6.7358 .... ............

ThF4  .... 5.6478 12.3371 46.702 0.3498 8.7880

HfF4  0.3851 0.9261 ........ 0.0687 0.2125

AIF3  0.2531 1.5250 .... .... 0.0629 1.6365

CeF3  0.5109 17.961 .... .... 0.2213 10.723

ScF3  0.3829 4.6531

YE3  0.4319 153.76

ZnS 0.5530 1347.8

NaF 0.2749 71.919

Na3Alf6 0.3130 0.6553
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I
Table 11. Thin Film Absorptance Measurements at 351, 514, and 1320 nm

Film (Half Wave at 1.06 Microns) Am (%) A4 (%) Alm (%)

TiO2  44 0.061 0.0046 3
MgO 9.2 6 0.21

Sc20 3  0.51 0.037 0..052 3
Y20 3  0.14 0.018 0.0038

HfO2  0.33 0.037 0.0056 3
ThO2  0.92 0.068 0.0015

ZrO2  1.2 0.066 0.0038

CeO2 27.1 2 0.0074

SiO 81 24 0.0037 3
ScF 3  0.25 0.041 0.0026

HfF4  0.19 0.023 0.0023 1
LaF 3  0.8 0.31 0.0023

AIF 3  0.16 0.022 0.0074 3
ZnS 39.5 0.32 0.0078

NaF 33.0 15.0 0.0042 3
ThF4  0.13 0.024 0.68

A120 3  0.20 0.034 0.0022 1
BeO 1.1 0.14 0.0040

AIN 0.64 0.053 .... 3
YF3  .... .... 0.0082

MgF2  .... .... 0.0084 5
SiO 2 Substrate 0.08 0.019

BK-7 Substrate 2.0 0.13 _

I
I
3
I
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I

exposures in each energy range. A least square fit was made of data between zero damage and

100% damage, the damage threshold corresponding to the intercept energy density at which no

damage occurs. The technique is illustrated by Figure 8.

The sensitivity of damage threshold to substrate thermal conductivity is shown in Figure 9.

A trend in improved damage thresholds with higher conductivity substrates is evident, even for

short (5 nsec) pulses used in this study.

Laser induced charge emission was observed both above and below the damage threshold.

Data fell into distinct patterns indicating that distinct characteristics of each film material was dif-

ferent. The charge emission showed no distinct indicator or precursor of imminent laser induced

surface damage. Charge emission decreased below detector sensitivity when a site was repeatedly

irradiated indicating a cleaning effect and gradual increase to indicate accumulation of damage.

Haffvave low index overcoats, such as MgF2 have been found by Carniglia, et. al. (Ref. 7)

to improve the damage threshold of HR coatings used at some wavelengths but not at others.

Improvement was found at 1064 and 248 nm but not at 355 nm. Improvements of more than

60% at 1064 nm for 1 nsec pulses were achieved by a halfwave silica overcoat on a titania/silica

quarter-wave stack. A magnesium fluoride halfwave overcoat on a scandia/silica HR stack designed

for 248 nm more than doubled the median damage threshold of the non-overcoated multilayer.

Silica overcoats on this multilayer gave about the same improvement for high deposition

temperature (250°C) but about 20% less improvement at lower deposition temperature (150°C).

The damage threshold improvement cannot be explained in terms of a mechanical model. While

silica is a homogenous structure and creates a compressive stress improving the damage resistance

of the underlying stressed titania layer, magnesium fluoride layers have large crystalline structures

and high tensile stress and are mechanically soft at temperatures as low as 150'C. Both overcoats

improve damage threshold while being mechanically opposite. Neither do electric field

considerations explain the improvement. The field within the HR multilayer is the same with or

without the overcoat and the field within the overcoat is the highest anywhere in the coating.

At 355 nim, HR multilayers containing zirconia/tantala had 20% lower damage thresholds

when overcoated with silica halfwave layers. For HR multilayers using hfnia as the high index

layer, low thresholds were found with or without the silica overcoat. Scandia/silica/magnesium

fluoride multilayers with magnesium fluoride overcoats exhibited the highest average thresholds,

however, no multilayers of this type without overcoats were tested. To clarify whether the high

threshold for the scandia multilayer was due to the magnesium fluoride overcoat or to the
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Figure 8. Laser damage survivability curve for ZrO2 (half wave @ 1.06 pm) on CaF2 with a
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difference between scandia and other high index layers, a set of 24 scandia/silica/magnesium

fluoride 355 rim HR multilayers with different overcoats was made for damage testing. Materials

were deposited in a box coater within an electron gun source on BK-7 substrates polished by a

continuous-feed technique. Six substrates were deposited in each of four runs with 25 layers of

scandia/silica/magnesium fluoride. Two of the resulting HR filters were overcoated with a

halfwave of silica, two others with a halfwave of magnesium fluoride and the final two received no

overcoat. Two runs were made at 150°C and the other two runs were made at 250°C.

Damage thresholds were measured using a frequency tripled Nd-glass laser. The 355 nm,

0.6 nsec laser pulse was focused to give a 1 mm diameter beam at the film. Each test site was

irradiated with one pulse and the presence of damage determined visually using Nomarski

microscopy. Precision of the threshold determination was ± 10% for each part. The results are

presented in Figures 10 and 11 corresponding to deposition temperatures of 150'C and 250'C,

respectively. The average damage thresholds are lower than those observed using halfvave

overcoats for multilayers designed for the other wavelengths (1064 and 248 nm). Neither silica

nor magnesium fluoride overcoats improved the damage threshold of the 355 nm HR multilayers.

Deposition temperature differences had little effect relative to the scatter in the data when

comparing both overcoats to the uncoated multilayer. However, the damage threshold is higher

for multilayers deposited at the higher temperature. This is consistent with results for

zirconia/silica multilayers designed for other wavelengths. No cohesive explanation of the results is

given. However, possible mechanisms involve differences in stress related to layer thicknesses for

the three wavelengths, differences in absorption at the different wavelengths and differences in the

pulse lengths of the damage test lasers. The pulses were on the order of 1 nsec for the 1064 and

355 nm lasers but were 20 nsec long for the 248 rum tests.

The results of experiments reported by Wolfe, et. al. (Ref. 8) showed that thin films of

SiO 2 or HfOz/SiO 2 deposited by conventional E-beam evaporation can be laser conditioned to

significantly increase their laser damage threshold. The damage thresholds achieved are comparable

to those of SiO 2 films prepared by high temperature plasma CVD. The advantage of E-beam laser

conditioned films is that they may be applied to fabrication of large aperture optical components of

a scale of which may not yet be achieved with plasma CVD. The conditioning effect was shown to

be permanent but to be consistently observed only in HfO2/SiO 2 films deposited by conventional

E-beam evaporation. The improvement in damage threshold was found to show little dependence

on the coating design (number of layers) or the size of the deposition chamber. Contrary to prior

hypothesis, it was found to not be associated with removal of absorbed moisture or other
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Figure 10. Laser damage thresholds for 355-nm HR's with various overcoat options
coated at a temperature of 150°C. Each circle represents the damage threshold
of one sample. The error bar for each sample represents the range between the
lowest fluency which caused damage and the highest fluency which did not.
The average damage threshold for each overcoat option is indicated by a
horizontal bar. I
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Figure 11. Laser damage thresholds for 355-nm HR's with various overcoat options,

coated at a temperature of 250°C. Refer to caption for Figure 10.
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atmospheric contamination, is not dependent on the number of coating layers nor transmissive or

reflective characteristics of the optical design and is not associated with recrystallization within the

film. It was therefore concluded that the often proposed laser cleaning or phase change

mechanisms to explain laser conditioning are not the dominant mechanisms responsible for the

conditioning observed in these particular films. Instead, the laser damage mechanism is attributed

to the "non-equilibrium" state of E-beam deposited film. This arises from the intrinsic defects

associated with the porous nature of the films. It is speculated that the intrinsic defects influence

laser conditioning by way of a four step process involving: (1) photo-excitation of electrons from

shallow electronic gap states into the conduction band; (2) excitation of the free carriers to high

energy by acceleration under the optical electric field or by free carrier absorption; (3) subsequent

transfer of the excess energy to the lattice via avalanche or an electron-phonon interaction (lattice

heating); and (4) heating of the film to some critical damage temperature such as the melting or

boiling point of the dielectric material.

To study the effects of laser conditioning, quarter-wave HR multilayers of HfO2/SiO 2,

ZrO2/SiO 2 and TiO2/SiO 2 were fabricated. Inconsistent damage thresholds were obtained for

TiO/SiO 2 multilayers, thought to be due to highly absorbing suboxides of TiO 2 formed during

evaporation. Therefore, only HfO2/SiO 2 and ZrO2/SiO2 coatings were compared. Three different

deposition techniques were also compared: E-beam evaporation, plasma plating, and ion beam

sputtering. The effect of scale up from a small R&D coater to a three meter diameter production

coater was assessed for the E-beam technique. Damage thresholds were compared for non-

conditioned and conditioned films fabricated as described above. Damage thresholds were com-

pared using three different 1.06 pm wavelength laser facilities: (1) a variable pulse length laser

operating in a single shot mode with pulse length varying from 1 to 16 nsec; (2) a rep-rated laser

operating at PRFs of 10, 15 or 30 Hz with pulse length of 10 or 16 nsec, and (3) a rep rated

laser that operates at 18 Hz with a pulse width of 8 nsec. Spot size was typically greater than

1 mm diameter. Damage was defined as any visual change in sample after laser irradiation when

viewed by 10OX Nomarski microscope.

Four test formats were used as described by Figure 12. They differ in the number of shots,

the time between shots and the range of fluences used. Unconditioned thresholds were measured

using the 1:1 and S: 1 formats which expose each site to only one fluence level. The 1:1 format

uses a single shot per site. The S: 1 uses a series of constant fluence shots on each unexposed site

with time between shots determined by the PRF. Conditioned thresholds are determined by R: 1

and N: 1 formats. The R: 1 tests use a series of shots separated by short intervals as in S: 1 but the
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fluence is varied from zero to a preset upper bound in a linear ramp. The N: 1 uses a series of

single shots, the fluence of each increased step wise up to an upper bound. Since time between

shots for N: I can be several minutes, uncertainty in threshold measurements was typically ± 15%.

Results comparing unconditioned and conditioned film damage thresholds for HfOJ/SiO 2

and ZrO2/SiO 2 are shown in Figure 13. Pulse width scaling for the material pairs is shown in

Figure 14. Based on the figure, the damage threshold D, scales with pulse length tv approximately

as D, - 7tr, (unconditioned) and D, - 19tm (conditioned). The ZrO2/SiO 2 films showed

significant site to site variability in threshold measurement and only in some cases exhibited

improvement by conditioning. Consistent thresholds and conditioning improvement wNas found for

HfO2/SiO 2 suggesting different damage mechanisms for the material pairs.

Comparison of results for the different deposition techniques and chamber size is shown in I
Figure 15. Best improvements due to conditioning is evident for E-beam deposited films. Rcsulrs

of conditioning ion beam sputtered films were inconsistent, with little improvement observed. The

influence of different thin film designs on improvement due to conditioning is shown in Figure 16,

where it is apparent that improvement is independent of design parameters.

The work of Kozlowski, et. al. (Ref. 9) supplements that reviewed in reference 8 and

concentrates on large area conditioning. Coatings of ZrO2/SiO 2 and HfO2/SiO 2 designed for high I
reflectance at 1064, 532 and 355 nm were studied. The coatings were deposited in 1983 while the

HfO2/SiO 2 were deposited in 1989. The two principal large area conditioning methods examined

were: (1) rastering a small area beam back and forth across the sample surface, and (2)

illuminating a large area optic using a large aperture beam. Laser conditioning parameters

examined included the fluence and the number of pulses. Preliminary conditioning tests using

broadband flashlamps were also examined.

The damage tests were made using a 1064 pim Nd:YAG laser with beam diameter of

0.2 mm at 80% of the peak fluence. The pulse length was 8 nsec and the rep rate was 18 Hz. I
The damage threshold was taken as the lowest fluence causing a light flash at the coating surface

and a visible change in surface properties as breathing on the film and observing water vapor I
condensation patterns to identify the damaged areas. Damage thresholds obtained using this

technique were found to agree well with those obtained using a 100X Nomarski microscope. Two

test formats were used: (1) S: 1 employing multiple shots of the same fluence at a single site, and

(2) R: I employing multiple shots of increased (ramped) fluence at a single site. In the R: 1 tests

the fluence was increased at -0.2 J/sec until damage was observed. In the S: 1 tests, samples were

I
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Figure 12. Four methods used to measure damage threshold: (a) single shot per site
(1:1), (b) multiple shots per site with large increments in fluence between
shots (N: 1); (c) multiple shots per site at constant fluence (S: 1), and
(d) multiple shots per site with a ramped increase in fluence (R: 1). Note that
N:1 and R:I tests give "conditioned" damage thresholds.

I

HPAM Z180

Figure 13. Comparison of unconditioned and laser-conditioned damage thresholds for
H-I 2 /SiO 2 and ZrO2/SiO 2 HR quarter-wave stacks for 1 ns pulses, 1064 nm.
The unconditioned values are from 1:1 tests and the conditioned values are
for N:1 measurements.
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Figure 15. Unconditioned (S:1) and conditioned (R:1) damage thresholds (16 ns,
1064 nm) for HtO2 /SiO 2 HR coatings prepared by E-beam evaporation,
plasma plating, and ion-beam sputtering. The E-beam data are for coatings
prepared on both the small scale R & D coater and the large scale
(3-diameter) production coater.
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Figure 16. Comparison of conditioned and unconditioned damage thresholds for
HfO 2/SiO 2 mutlyrHRs, polarizer and single-layer evanescent wave

coaing; al dta re or1064 nm laser irradiation. The HR data are for

for 0 ns pulses.
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I
illuminated for -30 seconds (-53 shots) unless damage was observed in which case illumination

was stopped immediately. In nearly all S: 1 tests where damage occurred, it was observed during

the first couple of pulses. Threshold values reported are ±-15% and each reported threshold I
represents the average of 1 to 4 tests. The damage tests for the two coatings are compared in

Figure 17. Damage conditioning (R: 1) improved thresholds of both coatings with significantly I
higher gain for the HfOJ/SiO2 coating. Damage in these coatings was observed to occur at

microscopic defects (<50 pim) which were smaller and of lower density then those observed in the

older ZrO2/SiO 2 coatings. Modest differences observed were not believed to influence the damage

threshold. Rather, the differences were thought to indicate different types of defects, one type

being more susceptible to conditioning than the other. Further difference in the coatings was

exhibited by no pulse width dependence being apparent for the ZrOJ/SiO2 coating, while the

HfO2/SiO 2 coating showed a definite dependence (D, = 7.1 t0,3). These differences, which occur

after conditioning, may indicate a change in the laser damage mechanism. Without conditioning, it

is pointed out that damage thresholds are about the same for 8 nsec pulses.

To achieve conditioning of large areas, they were scanned with a 0.2 mm test beam with

various raster programs as indicated by Figure 18 where the unconditioned damage threshold was

determined from S: 1 tests. The improvement achieved in both coatings by conditioning is illus- 3
trated in Figure 19. Conditioning increased the damage threshold of the older coating (ZrO2/

SiO 2) by a factor of 1.2 to 2.4. It is not clear which is the best raster conditioning program. It

appears, however, there is no clear advantage to step conditioning. The most important conclusion

reached was that for both coatings all raster conditioned programs resulted in conditioning factors

less than that obtained by the ramped fluence technique (R: 1).It was observed that the range of

fluence over which damage probability changed from 0% to 100% depended on the conditioning

history of the sample. For S:1 tests the transition range was -10 J/cm2 while for R: 1, the range

was >40 J/cm2. Raster conditioned samples had a range intermediate to the S: 1 and R: 1 cases.

The change in abruptness of damage threshold indicates that film properties controlling the damage

threshold are not uniform across the film surface. Also since the damage threshold is not abrupt

for the conditioned samples, choosing the lowest damage fluence as the threshold results in a

conservative value for the conditioned damage threshold. In some areas, R: 1 testing increased the

threshold by a factor of >4. 1
The time to cover large aperture coatings with a 0.2 mm conditioning beam is restrictive.

Therefore, conditioning with a larger diameter beam was investigated. Two 5 cm diameter samples I
of HfO2/SiO 2 and ZrO2/Si0 2 , designed for HR at 1064 rn, were conditioned with a 4 cm
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Figure 17. Unconditioned and ramp conditioned 1064 nm damage thresholds (18 Hz,
- =8ns) of Nova ZrO2/SiO 2 and R&D HfO2/SiO 2 HP coatings.
&nditioning perfbrmed using damage test laser.
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Figure 18. Laser conditioning program used in raster conditioning and ramp conditioning
experiments.
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Figure 19. Conditioned 1046 nm damage thresholds (18 Hz, ?_=8ns) of Nova

ZrO 2/SiO 2 and R&D HfO 2/SiO 2 HR coatings for various raster conditioning
programs. Unconditioned and conditioned thresholds are included for
reference.
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diameter spot by condensing the damage laser beam. After each shot, the sample was

microscopically inspected for damage at 40X magnification using bright light illumination. At

completion of the test, the samples were photographed at magnification up to 400X using

Nomarski, as well as bright and dark field illumination. Data for seven shots fired is shown in

Figure 20. The highest fluence (12 J/cm2 ) is about 1.5 to 2 times the 1:1 damage threshold. No

damage was observed until the 8th shot which was fired on the ZrOJSiO 2 coating with a fluence

significantly above the single shot threshold (7 J/cm 2 ). Results show conditioning was achieved

using the larger beam. To compare with damage threshold achieved by raster scanning, the

HfOJSiOO sample conditioned by the larger beam was subjected to 8 nsec pLises at 18 Hz.

Results shown in Figure 21 indicate damage thresholds obtained by raster scan and large beam

conditioning are in the same range. However, large beam conditioning thresholds are lower than

that obtained by ramp conditioning. Permanence of the large beam conditioning effect is

illustrated by Figure 22 showing threshold measurements made several days after conditioning.

Flashlamp conditioning experiments were also pursued on an HfOJSiO2 HR sample using 20

flashes of a xenon arc lamp at 10 J/cm2 for each shot at a pulse length of 0.5 nsec. However, S: 1

damage tests with this source did not improve the damage threshold.

The mechanism proposed for the laser conditioning phenomenon is based on the presence

of sub-bandgap electronic defect levels intrinsic to the E-beam deposition process. These shallow

defect levels are located below the conduction band edge. When the film is illuminated at low

fluence, electrons in the defect levels are excited to the conduction band. At low fluence, the

optical electric field is not sufficient to transfer enough energy to the lattice from the accelerated

electrons to cause damage. In absence of illumination, the electrons then decay to deep levels from

which they cannot be excited to the conduction band by higher fluence illumination.

Multilayer AR coatings of MgFJ]AI2O3 and AI2OJZrO2 were fabricated bv Mordaunt,

et. al. (Ref. 10) using E-beam evaporation and laser tests performed to determine the effect of

conditioning laser spot size and coating design on improvement in damage threshold due to

conditioning. The MgFJAI2 03 coating (sample A) was deposited on an unheated BK-7 glass

subsr-ate. The AI2OJ'ZrO2 coating (sample B) was deposited on a heated BK-7 glass substrate.

Both unconditioned and conditioned damage thresholds were measured for both samples. The

unconditioned test piocedure exposed each site to a single fluence. Test sites were separated by at

least three times the diameter of the laser spot and each site was exposed to 25 shots or until

damage was observed. The conditioned test procedure exposed each site initially to 1/2 the

unconditioned threshold and then to a slowly ramped fluence unmil damage was observed. The
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R&D Hf0 2/SiO 2 HR coatings conditioned by raster scanning and large
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sites were exposed to 25 shots at each fluence before increasing to the next fluence level. The

conditioning and damage measurements were done at a wavelength of 1.06 prm with a 15 nsec

pulse width. The laser PRF was 1 Hz and spot sizes of 0.25, 0.5 and 1.0 mm were used.

Damage was determined using a 25X microscope and video system on line with the sample

illuminated with a HeNe laser allowing observation of changes in scatter. Accuracy of all threshold

measurements is ± 10%.

The results of the unconditioned threshold measurements are presented in Table 12.

Apparent is some dependence on spot size, particularly for the smallest spot (0.25 mm). The

AI2Os/ZrO2 coating has significantly higher thresholds than the MgF2/AI20 3 coating. The

unconditioned test results are presented in Figures 23 and 24 as a plot of test result (damage or no

damage) versus fluence. Apparent is considerable overlap in the damage and nondamage fluence.

Table 12. Unconditioned Damage Threshold Measurements

Spot Size Sample A Sample B
(FW in mm at 1/eZ) (J/cmr) (J/cm 2)

0.25 29.2 82.5

0.50 13.1 42.5

1.00 8.5 48.5

Conditioned sample damage thresholds are presented in Figures 25 and 26 for MgF2/AI20 3

(sample A) and A1203/ZrO2 (sample B), respectively. Approximately 20 spots per sample were

tested for each spot size to allow a statistical analyses of defect distribution. Measurements on

conditioned and unconditioned samples are compared in Figure 27. The conditioning increased

the threshold for the smaller spot size but provided little improvement at the 1.0 mm spot size.

The standard deviation of the conditioned threshold vs. spot size is shown for both coatings

in Figure 28. The deviation was largest for the smallest spot size and also was largest for the

MgF2/AI20 3 coating which had the lowest overall damage threshold. These results are consistent

with a defect dominated damage mechanism in which the defect spacing is on the order of 1 mm.
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2.2 CHEMICAL DEPOSITION PROCESSES

In the work of Wilder, et. al. (Ref. 11) refractive oxide multilayer coatings for HR

applications were fabricated by three different techniques and their damage thresholds were 3
determined by 1 on 1 and n on 1 testing to assess the difference in the two test formats. High

purity silica substrates were used. Two HR coatings (X = 1.06 pm) consisting of a 15 layer 3
quarter-wave design (HFO2/SiO 2 and ZrO2/SiO 2) were fabricated by E-beam evaporation. Sol-gel

processing was used to fabricate a single layer of ZrO2, a four layer A120 3/SiO 2 and an eight layer 3
A120 3/SiO 2 multilayer structure, all designed to exhibit HR at 1.06 microns.

One on one testing involved irradiating a single location with a 1.06 pm, 16 nsec pulse at a 3
single fluence for one minute at a rate of 30 Hz. If no damage was observed, another site was

chosen and the irradiation repeated at a higher fluence. N on 1 testing involved irradiating a single 3
site as in 1 on 1 testing. However, after the one minute exposure, the fluence is increased by I to

3 J/cm:2 if no damage is observed. The criterion used for identifying damage was 5% damage of I
the irradiated area as determined by inspection with a 100X Nomarski microscope. The area

damaged was determined by measuring the size of the largest damage sites, totaling the number of 3
sites and determining the total area of damage as a function of fluence. In the data presented in

Figures 29 through 34, arrows extending above the data points indicate catastrophic damage 3
covering at least 50% of the irradiated area.

For the E-beam films, n on 1 testing indicated higher damage thresholds (lower percent of 3
irradiated area damaged). Both HfO2 and ZrO2 showed no damage up to the maximum laser

fluence (50 J/cm2). The ZrO2 single layer fabricated by sol-gel showed a low damage threshold for 3
both test formats, this being attributed to an iron contaminant found in the film. Consensus of

the authors was that the damage threshold of the A120 3 sol-gel film was greater for the n on 1 1
testing. However, this is not evident from the data since the n on 1 damage threshold was above

the 50 J/cm2 maximum fluence of the test laser. 3
The rationale for the improved damage threshold of the sol-gel films for n on 1 testing is

that laser heating volatilized impurities from absorbing volumes related to the porosity of films I
fabricated by this technique. As impurities left over from the sol-gel process are removed,

absorption is reduced and the damage threshold is increased.The lower damage threshold and 3
higher improvement with conditioning of the MgF2/AI20 3 coating was thought to be due to the

former being deposited on a cold substrate and the latter being deposited on a heated substrate. In 3
the work of Thomas, et. al. (Ref. 12), two methods of preparing sol-gel coatings were compared

4
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I
with respect to the damage threshold of the resulting films. The first method applied a precursor

solution to the substrate with subsequent conversion of the 1,recursor to an oxide on the substrate

surface through addition of water and heat. In the second method, a colloidal suspension of an

oxide is applied to the substrate with subsequent evaporation of the suspending medium at room

temperature. The second method is superior to the first if multilayers are deposited since the

conversion of the precursor to the oxide in the first method involves shrinkage due to the necessary

removal of the residual reactive groups which creates a stress and subsequently causes crazing and

peeling of the film. Single layers of AI20 3 , ZrO2 and HfO2 were prepared by the first method.

Using the second method, singie layers of SiO 2, A12 0 3 H20, ZrO2, HfO2 and TiO2 were prepared

as well as multilayers of the two best materials: SiOJ/AI2O3oH20. With 35 layers of the latter

pair, HR mirrors with reflectance of 99% at 1064 rum were achieved. The damage threshold data

presented in Table 13 was obtained with single shot pulses of 10 nsec duration and 16 nsec pulses

at 120 Hz. The data presented in Figure 35 was obtained with single shot pulses of 10 nsec

duration. From the table it is clear SiO 2/A1203 is the most damage resistant pair for a multilayer.

Damage thresholds for the multilayer show a wide spread with average about 12 J/cm2, well below

the 30 to 40 I/cmn2 threshold found for the single layers. It is observed that the number of damage

sites increases with the number of layers suggesting absorptive sites are increasing with each added

layer. It is hypothesized that the damage threshold of sites decreases with coating thickness due to

liberation of gases (H20 and CO2) when an underlying site damages. While these gases escape in a

thin coating, they propagate damage in a thicker coating due to the weak particle to particle

bonding in these films.

Table 13. Laser Damage Thresholds and Refractive Indices
of Single Oxide Coatings

Damage at 1064 nm • J/cm2

Oxide Index 10 ns, Single Shot 16 ns, 120 Hz

SiO 2  1.20 30-40 30-40

AI2O3.H 20 1.43 20-30 30

ZrO2  1.55 10-20 10-15

HfO2  1.52 15-20 15-20

TiO 2  1.75 15-20 2-5

5
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Figure 35. Laser damage thresholds of A12 0 3 .H 20-SiO 2 multilayer coatings.

Further damage threshold measurements on refractory oxide multilavers synthesized by the

sol-gel process were made by Floch, et. al. (Ref. 13). The second method described in Ref. 12 was

used to prepare ThOJ/SiO 2 multilayer HR coatings. Coatings consisting of 21 layers exhibited

reflectance of 98% at 1064 nm. By changing thickness of the layers, unstressed HR coatings could

be achieved with reflection maxima varying from 0.3 pim to several microns.

The damage thresholds presented in Figures 36 and 37 corresponds to single shot pulses of

1 nsec at laser wavelength of 1064 rim. The data in Figures 38 and 39 was obtained with single

shot pulses of 3 nsec at laser wavelength of 350 nm. Figures 36 and 38 present data for single

layers and Figures 37 and 39 present data for ThOz/SiO 2 multilavers. The effect of a long sol

dialysis in improving damage threshold is shown. As in reference 12, damage thresholds of

multilayers at 1064 rum (8.7 J/cm2 average) are inferior to those of single layers (12.3 I/cm2

average). At the 350 nm wavelength, the single layers and multilavers had average damage

thresholds of 33.6 J/cm2 and 2.6 J/cm2, respectively. The low thresholds at this wavelength cannot

be attributed to the ThO2 LUV cutoff (-250 rum) but are probably due to residual nitrates which

exhibit absorption bands around 302 nm. This absorption could be eliminated by changing the

metal precursor used to form the colloidal oxide. Another hypothesis is that absorption at 350 nm

may be due to trapped parasitic organic species in the multilavers. Oxidation of these species offers

hope of eliminating this absorption mechanism.
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Brusasco, et. al. (Ref 14) prepared single layer A1203, HfO2 and ZrO2 coatings by chemical

vapor deposition (CVD). The reactions were achieved in a horizontal silica reactor of 140 mm

diameter using Ar as the carrier gas. Three types of reactions were employed: (1) simple thermal

decomposition at high temperature (400°C), (2) simple thermal decomposition at low temperature

(250°C), and (3) chemically assisted deposition (CAD) at low temperature (250'C). In the latter

method, tert-butanol is admitted to the reaction zone and dehydrates into water and isobutvlene at

the hot substrate surface. The water formed assists in the decomposition of the source material. 3
Damage threshold data presented in Table 14 and Figure 40 was collected from single shot

1 on 1 exposures with 10 nsec pulses at a wavelength of 1060 nm. Damage thresholds of films at 3
this wavelength prepared by thermal decomposition at 400°C are lower than those achieved by sol-

gel prepared films. Damage thresholds of these films were found to be insensitive to film thickness 3
and deposition conditions such as flow rate, presence or absence of additional oxygen during

deposition, deposition rate or post deposition treatment consisting of air annealing and treatments 3
with H20 2 or 03 and UV light suggesting chemical inertness of the damage nucleation sites.

Microscopic examination of the damaged film revealed that damage begins at a multitude of sites 3
rapidly increasing in size as the fluence increases. The damage mechanism is attributed to

absorption as is apparent from transmission spectral measurements. This absorption was observed 3
to be less in films prepared at lower temperature and for films prepared by CVD. Damage

thresholds of these films were correspondingly higher. The effect of lowering substrate 1
temperature without addition of ±-butenol was a damage threshold intermediate to high

temperature and CAD films. Apparent in the data of Figure 40 is that A1203 and HfO2 damage

thresholds decrease with increasing film thickness while the ZrO2 damage threshold tends to

increase with film thickness. Damage morphology of these films exhibits a few small damage sites

which do not grow significantly at fluences exceeding the threshold.

Table 14. Single Shot Laser Damage Threshold U
(400"C Deposition)*

Material Threshold (J/cm 2) ± 10% 3
Alumina 4.0

Zirconia 7.0 3
Hafnia 10.0

*Single Shot Test, 1-on-l, 1060 nm, 10 ns duration. 3

5
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Further evidence of improvement in damage threshold by heat treatment is given bv Pond,

et. al. (Ref. 15). It was found that codeposition of ZrO2 and SiO 2 by ion beam sputtering pro-

duced films exhibiting lower absorption and lower stress than either component deposited sepa-

rately by the same process. Subsequent baking at 3000C of the mixed oxides having silica fractions

between 10% and 50% resulted in compressive stresses in the range of 40 to 50 kpsi as compared

to 219 kpsi for ZrO 2 and 112 kpsi for Si0 2 films alone. For films with a silica fraction less than

50%, the stress after baking was tensile. For a 10% silica content, baking converted a 46 kpsi

compressive stress to 23 kpsi tensile stress. Similar results were found for mixed oxide films of

ZrO 2 and A120 3. Unfortunately, no laser damage thresholds were measured for these films.

The work reported by Thomas, et. al. (Ref. 16) describes a post deposition treatment to

improve the damage threshold of Si0 2 coatings prepared by applying colloidal silica suspensions to

silica substrates. As coating thickness was increased, a drastic reduction in laser damage threshold

at 350 nm was noted. The lowered damage threshold was attributed to absorptive organic entities

in the pores of the coating remaining from the methanol and ethanol in which the colloid was

suspended. It was found that damage thresholds could be restored to values corresponding to

thinner coatings by exposure to UV and ozone in vacuum. By replacing ozone with nitrogen and

placing samples in vacuum without exposure to UV it was shown that ozone and/or vacuum

treatment were effective in improving the damage threshold.

The data shown in Table 15 was compiled using a 350 nm laser with a 25 nsec pulse width

for 1000 shots at a rate of 25 Hz.

Table 15. Damage Thresholds Before and After Treatment

Average Damage

Number
Treatment Time Before After of Samples

UV/0 2  15 min 12.1 J/cm2  14.0 J/cm 2  5

UV/0 2  30 min 8.5 J/cm 2  17.7 J/cm2  6

UV/O2  60 min 8.4 j/cm 2  16.7 J/cm 2  4

UV/0 2  90 min 6.6 J/cm2  10.7 J/cm 2  6

UV/N 2  60 min 7.3 j/cm 2  7.6 j/cm 2  2

UV/vacuum 60 min 7.6 j/cm 2  21.0 j/cm 2  1

Vacuum/80°C 60 min 9.0 j/cm 2  19.0 j/cm2  2

0 3/room temperature 30 min 13.3 J/cm 2  19.3 J/cm 2  2
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The application of room temperature chemical vapor deposition (CVD) to deposit TiO 2  3

coatings was discussed by Wilder, et. al. (Ref. 17). The objective of this work was to investigate a

CVD process to assess if even higher damage thresholds (exceeding 7 to 10 J/cm 2 at 1.06 lim and 3
1 nsec pulse width) can be achieved than those found for other deposition techniques. Twenty-

two TiO 2 coatings were deposited with optical thickness ranging from 1000 to 2500 A and 3
refractive index from 1.8 to 2.4. Two TiO 2 /SiO 2/TiO2 multilayers were deposited with total

optical thickness of 5000 A. Some scatter and nonuniformity was indicated. Water solubility 3
suggested incomplete hydrolysis in the CVD reaction.

Damage testing was performed with a 3 mm diameter 1.06 um laser beam with 1 nsec 3
pulses. No test site was irradiated more than once, the energy level at each site increasing until a

damage threshold (± 15%) was determined by inspection with a 108X microscope. Ten coatings 3
exhibiting the least scatter were tested. The three multilayers exhibited damage thresholds of 3.4,

3.5 and 4.4 J/cm 2. The seven single layer coatings damaged at 4.2, 5.3, 5.8, 7.8, 8.7, 9.0 and I
12.9 J/cm 2. Results suggest that higher thresholds for TiO2 films can be achieved by CVD then

by more conventional deposition techniques. 3
2.3 COMPARISON OF PHYSICAL AND CHEMICAL

DEPOSITION PROCESSES

The affect of post deposition annealing on film microstructure, optical absorption and laser 3
damage threshold was studied by Stewart, et. al. (Ref. 18). The intent was to determine if

beneficial changes (regrowth of the film structure) could be induced in dielectric films through a

laser annealing process. Single layer films (1/2 wave optical thickness at 1064 nm) of AI20 3 and

Ta205 were prepared by E-beam evaporation and reactive sputtering. TiO 2 films were prepared by

a sol-gel process. Super polished ultra low scatter 1.5 inch and 2.0 inch diameter fused silica

substrates were used.

To determine if laser annealing was able to remove defects by regrowth, transmission,

reflection, scattering, absorption and damage measurements were made before and after the anneal. 3
Observed changes provided information on resultant microstructure, band structure and alteration

or removal of defects. 3
The films were annealed using a 15 kilowatt CO 2 laser at reduced power levels. Levels

exceeding 25 to 50 W/cm 2 were found to degrade transmission. The beam had a uniform profile 3
and diameter of 8.9 cm at the sample. Samples were scanned across the beam at 1.5 cm/sec. This

5
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produced a treatment principally at the surface, though the film thickness and substrate were also

affected.

For the reactively sputtered films, transmittance dropped at higher power levels and

transmission maxima shifted toward longer wavelengths. The A12O3 sputtered films exhibited

some change in index and a shift to shorter wavelength of the UV cutoff. Changes in refractive

indicies and thickness of the E-beam deposited films were also evident. The A120 3 films prepared

by E-beam were found to craze after annealing at the 50 W/cin 2 level.

The TJO 2 sol gel films had slightly lower transmittance after higher intensity anneals and

exhibited small shifts in peak transmittance toward the UV. Scattering measurements made before

and after depositing the films indicated the substrates were exceptionally smooth, however, after

deposition, the scattering increased by a factor of 100. This level of scattering was not significantly

affected by annealing at the 25 and 50 W/cm2 level. Higher power level anneals crystallized the

films increasing scatter by two to four order of magnitude. Measurements indicated that

compressive stress increased with annealing temperature but only for the Ta20 5 film deposited by

either E-beam or reactive sputtering. Absorption measurements taken at a wavelength of 351 nm

using a laser calorimeter indicated that absorption dropped by 5 to 90% as annealing power was

increased with the exception of E-beam deposited Ta20 5 films in which annealing increased

absorption by a factor o.f 3.

The damage threshold data presented in Figures 41 to 43 and Table 16 was obtained using

a Nd:YAG laser (1064 rm, single mode) with 7 nsec pulse duration and 710 micron spot size.

One on one testing wa' performed at 144 sites, the criterion for damage being observable change

in the film observed with a Nomerski microscope (200X). Two samples of each type annealed at

75 and 100 W/cm 2 we.e tested. An unannealed sample and one sample each annealed at 75 and

100 W/cm 2 were also tcsted.

Damage morphologies in all films remained consistent up to the 50 W/cm2 annealing level

but changed dramatically for films annealed at higher levels. E-beam deposited Ta20 5 films

exhibited damage morphology independent of fluence for films annealed at higher power levels

likely due to sensitivity of damage threshold to substrate contamination. Damage threshold of

reactively sputtered AJ20 3 films remained unchanged after annealing, even though film crystalline

structure, surface appearance, scattering level, transmissivity and damage morphology changed

considerably with annealing level. Based on damage morphology of the A1203 films revealing

uniform round areas of complete ablation or alteration (but absence of pitting), damage was
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chemical assisted deposition method. I
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Figure 42. Laser damage thresholds measured at 1064 nm on annealed Ta20 5 films
fabricated by reactive sputtering.
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Figure 43. Laser damage thresholds measured at 1064 nm on annealed films of electron
beam Ta20 5 and sol-gel TiO 2.
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Table 16. Summary of Annealed Film Characterization Data

Annealing Power (W/cm2 ) 0 25 50 75 100

Refractive index 1.64 1.64 1.57 1.59 1.78 A12 0 3 , rs
at 500 nm

2.12 2.13 2.11 2.08 2.06 Ta2O5 , rs

2.01 2.01 2.03 2.02 2.06 Ta20 5, eb

1.8 .-. -. TiO2, Sol

Absorption 0.192 0.115 -. A12 0 3 , rsat 351 nti (%)I
0.265 0.323 0.208 .. Ta2O5 , rs

0.698 1.920 Ta2O5, eb

8.650 8.230 8.210 . . TiO2, so i
Crystal structure Amorphous A A A A A12 0 3, rs

A A A O-thorhombic Ta2O5,rI
A A A Orthorhombic Ta2 0 5 , eb

A A A Rutile/anarase TIO2,sol

Stress (MPa) 352 -- 354 .... A12 0 3 , rs

181 318 432 Ta2 O5 , rs I
128 261 ... Ta2 O5, eb

0 0 0 .... TiO 2, so 1
Laser damage threshold 12.2 10.8 11.1 11.7 11.3 A12 0 3 , r'
at 1064 nm (J/cm2)

5.4 2.6 3.5 2.1 0.9 Ta20 5, rs

2.7 2.3 1.8 3.3 4.8 Ta2 0 5, eb

4.8 4.4 2.6 6.0 7.9 T.O 2, sol

Scattering -26% -26% 277% 1000%+ 1000%+ A12 0 3 , rs
at 633 nm
(PPM/Str) -54% 39% -31% . Ta20 5, rs I

-18% 37% 22% " Ta2O5, eb

6% -1% -11% " " -rio sol

Peak temperature 200C 380C 6600C 900*C 1250*C

I
I

U
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thought to be absorption dominated. Reactively sputtered Ta20 5 films exhibited a trend toward

reduced damage threshold as annealing power was increased,, Also, the spread in fluence resulting

in damage or nondamage increased with annealing power. The damage morphology was also

influenced by the annealing level. ":or E-beam deposited Ta20 5 films and TiO2 sol gel coatings,

the damage threshold decreased to a low level at 50 W/cm2 anneal and then increased for higher

level anneals.

In summary, annealing at levels greater than 75 W/cm2 caused the most significant changes

in film characteristics due to crystallization. Damage thresholds and refractive index increased for

some films and decreased for others. Depending on the deposition process, the resulting film

structure and contaminants such as water and hydrocarbons played a key role in changes observed

before and after annealing. Competing processes of water removal and densification or

crystallization were thought to explain the majority of the observed phenomena. E-beam and sol

gel deposited films are very porous. Annealing at higher temperatures is thought to promote

growth of crystallites in these films resulting in increased damage thresholds but increased light

scattering and stress. In Ta2O5, crystallite growth is thought to rupture pre-existing bonds

increasing optical absorption. Lower absorption on A120 3 films after anneal is attributed to further

oxidation improving the stoichrometry. In sputtered films, the stimulation of crystallite growth by

annealing was thought to be responsible for the lower damage thresholds observed and increased

stress and light scattering. These films are dense as deposited and crystallite growth disrupts

existing bonding patterns. The annealing can result in improved properties in some performance

criteria, however, the process is relatively uncontrolled and tradeoffs are involved in performance.

A data base of laser induced average power damage thresholds at 1064 nm was compiled

by Rainer, et. al. (Ref. 19) on a variety of materials using the REPTILE (Repetition Laser

Experiment) Facility at Lawerence Livermore Laboratories. Data collected on AR and HR

refractory oxide coatings is presented in Figures 44 to 46. Characteristics of the laser are shown ir,

the figures. Damage is determined by comparing pre and post irradiation photographs generated

by Nomarski bright field or dark field microscopy at typical magnification of 100 times.

A broad spectrum of samples were tested obtained from within Lawrence Livermore and

from commercial vendors. Samples are representative of state-of-the-art technology, current optics

in use in one of the laboratory's laser systems and both current and old developmental research

samples. None of the results of the data bases is necessarily representative of the highest, lowest or

average damage thresholds attainable for that category of coating. Moreover, in some cases they
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Figure 44. Distribution of laser damage thresholds of 33 E-beam- and sol-gel-deposited I
anti-reflective coatings. Spreads in the threshold for a particular material
combination are attributable to different coating designs or deposition
parameters.
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Figure 45. Laser damage thresholds of 32 E-beam- and sol-gel-deposited anti-reflective
coatings. All samples are comprised of multilayer stacks of the designated
high-index material and silica. Materials of some E-beam coatings were not
specified by the vendors
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Figure 46. Laser damage thresholds of 51 single and multiple-layer sol-gel samples of a
single material. All were fabricated at LLNL on fused silica substrates. The
two silica tests were for frosted type coatings. All other silica tests are listed
under the AR database.

represent evolutionary development of improved thresholds or parameter studies, which may

encompass a large spread in thresholds.

In Figure 44, E-beam fabricated coatings are compared to sol gel fabricated coatings. The

E-beam coatings are multilayers deposited on either fused silica or BK-7 glass substrates. The high

index materials shown are combined with low index layers of SiO 2 or MgF2 to form AR coatings

of various designs. The large spread in damage thresholds is attributed to variation in coating

design and deposition parameters. Tests of more samples of an optimum design for each material

combination would yield tighter distribution groupings for Ta20 5, ZrO 2 and TiO 2 AR coatings.

The sol gel AR coatings are single and multiple layer porous coatings of primarily SiO 2.

They represent a variety of processing techniques attempting to establish optimum parameters for

producing high level thresholds. The spread represents improvements in the deposition process

rather than intrinsic variability in the sol gel process. Substrates were fused silica, calcium fluoride

and KDP crystals, the latter not having particularly clean nor well polished surfaces and

correspondingly exhibiting the lowest damage thresholds. In general, the optimal sol gel deposited

coatings had comparable damage thresholds to the best E-beam coatings.
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Four different vendors provided 32 HR coatings on tinied silica, BK-7, SiC or Cu 3
substrates. The low index material was Si0 2 for most or all samples. As can be seen from

Figure 45, the highest threshold sample was a TiO 2 /SiO 2 stack developed as a research coating 3
several years ago. Most of the stacks of this combination were variations of the optimum design.

The sol get HR coatings are multilayer stacks of the listed materials and sol gel deposited I
SiO 2, all on fused silica substrates. All of these had thresholds notably lower than those of s:gle

or multiple layers of the individual constituent materials. Thresholds were lower than the best

E-beam coatings.Single material tests were conducted with sol gel materials on fused silica

substrates. Threshold data derived from 51 samples is shown in Figure 46. Highest thresholds

were obtained with A120 3 coatings, although ZrO2, HfO2 and Ta20 5 also look promising. The

silica coatings in this data net were specially designed to create a frosted surface effect which may 3
explain their somewhat lower thresholds.

High temperature (T> 8500C) plasma assisted chemical vapor deposition of fused Si0 2  3
and SiO 2 doped with a glass network modifier was used by Campbell, et. at. (Ref. 20) to evaluate

laser damage thresholds of several thousand quarter-wave layer 1.06 pm wavelength HR coatings. 3
By keeping the doping concentration of alternating layers low, the damage resistant characteristics

of Si0 2 achieved by vapor-phase hydrolysis of SiCI4 are preserved. Since the resulting material is 3
nearly compositionally uniform, there are no distinct material interfaces with thermal-mechanical or

chemical incompatibility. The chemical stoichiometry is uniformally controlled throughout the

material by use of high-temperature, oxidizing deposition techniques. Dust or dirt or other

particulate contamination is fully oxidized and either dissolved directly in the glass or incorporated

as an insignificant low absorption, scattering center. Finally, the fused silica is a fully dense

amorphous body without the high density of microstructural defects that are often produced by

conventional physical vapor deposition processes.

The multilayers were deposited on the inside of a 1.7 cm diameter SiO 2 tube that also

served as the reaction chamber using a plasma-impulse-CVD process developed by Schott

Glaswerke. In this process, the Si0 2 tube is heated by a furnace to 8000 to 1100'C. The output

from a 2.45 GHz magnetron, triggered by a pulse generator, drives the deposition process. First

the tube is filled with the gas reactants (SiCI4, 02), second the plasma is ignited and sustained by a

pulse from the magnetron. The plasma ignited inside the tube drives a gas phase reaction between

SiCI4 and 02 producing a thin amorphous deposit on the tube wall. Excellent thickness coating

control is achieved by controlling reactant composition and pressure. The final step consists of

pumping out product gas and continuously refilling the tube with reactants. Co-dopants of Ge and
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F were used to produce the alternating different index layers. Deposition rates were 2 l±m/minute

over the 50 cm tube length.

Damage thresholds were measured on coatings consisting of 1000 or more layers of doped

SiO 2 and compared to damage thresholds of bulk super polished fused silica. It is inferred that the

coating index profile is sinusoidal with an index amplitude of 0.02 or less. Laser damage

thresholds were measured on the inside diameter of the coated silica tube after sectioning length

wise into four pieces. An N: 1 test format was used. A 1064 nm laser beam was incident at

10 degrees using a 16 nsec pulse width and a PRF of 30 Hz. The beam was focused with a long

focal length lens to a spot size of 1 mm diameter. Damage was determined by noting any change

after irradiation using 100x Nomarski microscopy. Damage thresholds are compared with surface

damage thresholds of super polished (Zygo) fused silica and Ge doped fused silica prepared by very

high temperature CVD (1800°C) as shown in Figure 47. Damage thresholds prepared by this

plasma CVD process were found to be comparable to those for super-polished fused silica surfaces.

HR multilayer coatings for 1.06 Ilm reflectance were prepared by Thomas, et. al. (Ref. 21)

from quarter-wave thick colloidal suspensions of hydrated alumina and silica on substrates up to

8 inches in diameter. Suspensions of AlOOH and SiO 2 were prepared by the hydrolysis of

distilled sec-butoxide aluminum and tetraethylsilicate, respectively. The SiO 2 suspension was

prepared at 3% concentration in ethanol and diluted to 2% prior to use. The AIOOH suspension

was prepared at 1% concentration in water and adjusted to pH 5 with an ion exchange resill,

evaporated under vacuum to 16% and finally diluted to 4% with methanol prior to use. Coating

suspensions were filtered through a 0.2 p.m membrane. Thirty-two to thirty-six alternating

quarter-wave layers were spin coated onto the substrate starting with the SiO 2 laver and ending

with the _AOOH layer allowing 10 to 15 minutes drying time between layers.

Damage threshold measurements were made with a 1.06 iim laser using multishots at a

pulse length of 16 nsec at 30 Hz. The spot size was approximately 1 mm2, each site being

irradiated for 60 seconds (1800 shots) and then inspected for damage. A new site was selected and

the irradiation repeated. The d image threshold was defined as the average of the highest fluence

which caused no damage and the lowest fluence which did. Damage thresholds ranging from 21

to 50 J/cm 2, with an average cf 37 J/cm2 , are shown in Table 17 and exhibit no dependence on the

number of layers. Damage thresholds are higher than previously reported, improvement thought

to be partially due to improved cleanliness.
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Figure 47. Measured damage threshold at 1064 nm versus pulse width for super- i
polished, bare fused silica and coatings prepared by either PICVD or very high
temperature (-1800°C) CVD. The data for the bare fused silica are from
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Table 17. Reflectance and Damage Threshold of Several HR Coatings

Layers Reflection at 1.06 pim (%) Damage 1064 nm/16 ns (J/cm 2)

26 95.0 34

30 98.0 45

30 98.5 28

32 98.0 38

32 98.5 50

34 99.0 21

36 99.0 37

40 99.5 40

The objective of work performed by Floch, et. al. (Ref. 22) was to replace the AIOOH in

the AIOOH-SiO 2 colloidal HR multilayer with ZrO 2 to achieve the same reflectance at 1.06 Pm

wavelength with fewer layers since it has a higher index. The fewer layers were also anticipated to

reduce the scatter since fewer contaminants would be introduced. The zirconia suspension was

prepared from recrystallized Airconium oxychloride octahydrate. The resulting colloidal suspension

containing the equivalent of 12% ZrO2 was filtered through a hydrophilic 1.0 Pm teflon

membrane. An SEM revealed 300 to 500 A spheroidal particles. X-ray diffraction revealed

monoclinic microcrystals.

In the colloidal suspension prepared, hydroxyl groups bound to underlying zirconia atoms

were reacted with hydrolyzable zirconium compounds such as an oxychloride salt. The resulting

zirconium dichloride oxide acts as a binder to increase the adhesion between adjacent particles

resulting in a stronger moi,. abrasive resistant coating. Crosslinking increases with the amount of

reagent added decreasing the porosity and increasing the refractive index. The increase in index

reduces the number of layers required to achieve the desired reflectance. The final binder

containing coating mixture included a total of 15% zirconia, 70% colloidal and 30% in solution as

a soluble zirconium oxo-hydroxo polycation.

The silica sol was prepared by the base catalyzed hydrolysis of distilled tetraethylsilicate in

pure ethanol or methanol. The material was prepared at 3% silica concentration and consisted of

monodispersed roughly spherical particles with a diameter of about 20 nm.

The coatings were deposited on 5 cm diameter 1 cm thick fused silica BK-7 glass substrates

by spin coating at room temperature and 50 to 60% relative humidity. Hydrophilic substrate
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surfaces were achieved using a UV/0 2 /H 20 2 ozone photoreactor. The ZrO 2 coatings applied had I
binder ratios ranging from 10% to 40%. Spin speed was 1500 RPM. Silica coatings were applied

from a suspension in ethanol containing 3% Si0 2 in a basic medium (pH-10) at a spin speed of 1
1300 rpm. Coatings were air dried for 10 minutes prior to depositing the next layer.

Damage threshold measurements were made using a 1.06 gm laser with 3 nsec single shot I
pulses. The beam size was 2 mm in diameter. Two test formats were applied, 1 on 1 (one shot of

known fluence on a selected site) and n on 1 (n shots of ramped fluence on a selected site). Each

site was microscopically inspected and photographed before and after irradiation. Damage was

defined as any evolutive 5 to 10 micron size alteration observable. Damage threshold was defined

as the average of the highest fluence which caused no damage and the lowest fluence which did.

Damage thresholds for ZrO2 single layer coatings for both test formats are shown in Figure 48. 1
For the 1 on 1 format, thresholds ranged from 6.3 J/cm 2 to 11.7 J/cm 2 with an average of

11.7 J/cm 2, the wide range attributed to local contamination inherent to the process. Samples with I
low thresholds showed only small defects in the beam area. Massive damage over the whole beam

area did not occur until fluences in the range of 14 to 15 J/cm 2 were applied. In all cases, damage

was observed to originate at visible artifacts. The enhancement in damage threshold due to pulse

annealing (the n on 1 format) is thought to be due to a gentle desorption of volatile absorbing 1
contaminants through coating porosity.

8I
8 n-on-i I

7- N i-on-1

6-

5-

Z 4-

2-

I-

0 2 4 6 8 10 12 14 16 18 20 0

Threshold X=c2 - 1064 nm, Uns

Figure 48. 1-on-1 and n-on-1 laser strength of binder-aided ZrO 2 coatings.
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Damage thresholds for 17 layer HR coatings varied from 8.0 J/cm 2 to 8.8 J/cm 2 with an

average of 8.2 I/cm2. The improvement in threshold relative to the single layers was thought to

possibly be to the binder covering the zirconia particles, substantially reducing their specific area,

consequently decreasing their spontaneous chemical absorption which may contribute to their laser

resistance. The thresholds for the laser annealed samples (n on 1 format) ranged from 10.5 J/cm 2

to 13.7 J/cm 2 with an average of 12 J/cm 2. At threshold values, damage consisted of disperse and

tiny spots about 10 to 20 microns in size. For the n on 1 format, massive damage occurred at 25

to 30 J/cm 2 with catastrophic failure about 300 pm in diameter.

2.4 OTHER RELEVANT ISSUES

The damage thresholds of refractory oxides used as AR coatings for alexandrite laser rods

were determined and measured by Gallegos, et. al. (Ref. 23). Eight different coatings were

supplied by seven different vendors. Material combinations included: TiO 2/SiO 2, ZrO 2/SiO 2 ,

A12 0 3/SiO 2, Sc2O3/SiO 2, Ta2O5 /SiO 2 and HfO2 /SiO 2. They were all two layer designs with half

wave undercoats of Si0 2. Sapphire substrates were used and a limited number of TiO 2/SiO2

coatings were put on alexandrite substrates. Single layer AR coatings of MgF2 and NaAIF 6 were

also tested for comparison. Damage thresholds were compared to those of the bare substrates.

The damrage thresholds for these coatings are shown in Figure 49.

The measurements were made using an alexandrite laser at a wavelength of 790 nm. with a

pulse duration of 200 nsec at 30Hz for 2 seconds. The near spot diameter of the nearly Gaussian

beam was 0.380 mm. TiO2/SiO2 on sapphire showed a marked improvement in damage threshold

over the bare sapphire substrate. However, no improvement for the same coating was apparent on

the alexandrite substrate suggesting that the substrate is the limiting factor.

Work described by Foltyn, et. al. (Ref. 24) showed that damage thresholds for several

refractory oxide AR and HR multilayer coatings increase on the average approximately as the cube

root of the pulselength for a range from picoseconds to nevrly a mircosecond ireegardless of

wavelength. The HR multilayers included a narrow bandwidth design incorporating A1203 and

Si0 2 plus Sc2 0 3 /SiO 2 and a broadband design using HfO2/SiO 2. Quarter-wave layers (At

351 nm) were used with a half wave overcoat to achieve 99% refiectance. The AR coating

consisted of AI2 0 3/Si0 2. Substrates were fused silica.
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To achieve variations in pulse width, different lasers were used. Pulse width and other

characteristics of these lasers are provided in Table 18. Between 50 and 400 sites were tested on

each coating type at each pulse width. The damage probability plots presented in Figures 50 and

51 were derived using data from several samples. Three methods were used to scale results

obtained at different pulse widths: method 1 compared the 0% intercept of linear regression fits to

the probability data; method 2 compared lowest damaging fluence values; method 3 compared

lowest fluence values producing catastrophic damage. Measured thresholds for 9 nsec pulses and

scale factors (ratios of thresholds for pulses ranging from 9 to 625 nsec) appear in Table 19.

Damage thresholds at all four pulse widths are summarized in Figure 52. The power law

dependence for the different sample types varied from a fourth root to a square root dependence.

No correlation was apparent between scaling rates and other coating properties such as index,

threshold, band gap or reflectance. The nearly identical slopes after scaling for the AI2 0 3/SiO 2 HR5w coating shown in Figure 50 implies equivalent defect densities for both pulsewidths since spot sizes

were the same. For the AR coating of the same materials shown in Figure 51, the slopes are

5 considerably different indicating a higher defect density at shorter pulse widths. Half of the six

coating types exhibited no defect density variation with pulsewidth. The other half of the coating5 types exhibited short pulse defect densities 2 to 6 times higher. Defect density variations were

uncorrelated with scaling rates or other readily apparent coating properties.

5 As part of this work, scaling results at 351 to 355 nm, with thresholds normalized to

10 nsec, were compared to the above results. This comparison is shown in Table 20. The data

sets of Newman, Walker and Rainer, when compared to this work, showed consistent results as

indicated by Figure 53, for data sets including: (1) a quarter-wave laver tested at 355 nm with

20 psec and 27 nsec pulse width (Newman); (2) eight materials in various thickness layers tested at

353 nm with 5 nsec and 15 nsec pulse widths (Walker); and (3) five HR and four AR coatings

tested at 351 or 355 nm with pulse widths of 0.6, 1.5 and 9 nsec (Rainer). From 0.6 to 625 nscc,

the average scaling was -0.32. For the Walker and Rainer data and above results both fast (0.5 to3 0.8) and slow (0.0 to 0.2) scaling exponents were observed.

Considering other data compiled in the Table 20 summary, results are remarkably3 consistent over a wavelength range from 248 nm to 10.6 pam and over more than five decades in

pulse width. While scaling exponents for individual tests vary widely, the average scaling rate is3 nearly constant from 4 to 625 psec. Thresholds improve as r 0.3-04 for picosecond pulses and

continue to do so for pulse widths up to a microsecond. Based on the above, cubed root scaling as
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Figure 50. Damage probability plots for the Al203/SiO 2 reflectors at 9 ns and--with
scaled fluency values--625 ns pulse lengths. After scaling, the slopes are nearly
identical indicating equal defect densities at each pulse length.
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Figure 51. Probability plots for A120 3/SiO 2 anti-reflection coatings. The steeper slope

for 9 ns indicates a 6X higher density of defects for the shorter pulses.
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Table 18. Sources and Test Conditions

Pulselength2  Laser Spotsizeb Wavelength PRF

9 ns XeF excimer (Lumonics 861) 0.44 rum 351 nm 35 pps

26 ns XeF excimer (Lumonics 861T-4) 0.71 mm 351 nm 35 pps

54 ns XeF excimer (Lumonics 861T-4)c 0.72 mm 351 nm 35 pps

625 ns Frequency-doubled dye (Candela UV-500) 0.44 mm 355 nm 0.5 pps

aFWHM.
bMean diameter @ 1/e2 amplitude.
cWith 10% output coupling.

Table 19. Damage Threshold Scale Factors: 9 to 625 ns

Coating 9 ns Damage Scale Factor for 625 ns Threshold
Materials ThresholdMaterials TrsodMethod 1 Method 2 Method 3

Sc 2O3 /SiO 2 (HR)a 5.6 J/cm 2  5.0 7.5 6.7

HfO2/SiO 2 (HR)a 3.7 J/cm2  2.7 2.8 4.3

AI 20 3/SiO 2 (AR)b 1.5 T/cm 2  4.2 5.4 ---

HfO2/SiO 2 (HR)c 0.7 j/cm 2  5.6 4.7 4.2

A12 0 3/SiO 2 (HR)b 0.5 J/cm 2  6.6 9.0 3.7

Al on pyrexd 0.2 j/cm2  2.4 2.9 2.9

Method 1. Intercept of linear regression fit.
Method 2. Lowest damaging fluence.
Method 3. Lowest fluence for catastrophic damage.

a Interopitcs, Ltd.
b Broomer Research Corp.
c Laser Optics, Inc.
d Newport Corp.
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Table 20. PulseLength Scaling Comparison

Scaling Exponenta
Wavelength Pulselength

Reference (_Am) Range (ns) Range Average

Soileau [7] 1.05 0.004-0.008 0.0-0.5 0.3

Bliss [8] 0.69 0.020-23 0.4-0.5 0.4 I
Newnam [4] 0.36 0.020-27 0.2

Soileau [7] 0.53 0.03-0.15 0.1-0.9 0.7

Deaton [9] 0.27 0.1-0.7 0.0-0.7 0.3

Milam [(10] 1.06 0.17-3.2 0.3-0.5 0.4 i
Lowdermilk [11] 1.06 0.17-3.5 0.0-0.5 0.3

Rainer [6] 0.36 0.6-9 0.1-0.5 0.3 I
Milam [12] 1.06 1-9 0.3-0.6 0.6

Newnam [13] 10.6 1.7-65 0.2-0.3 0.3 i
Walker [5] 0.27 5-15 0.0-1.0 0.5

0.36 5-15 0.0-0.8 0.5

0.53 5-15 0.0-0.8 0.5

1.06 5-15 0.0-0.7 0.3 i

Boyer [14] 0.25 10-38 0.2-0.5 0.3

This work 0.35 9-625 0.2-0.5 0.4 1
aThe value of x in the relationship: threshold fluence (pulse length)'.

(References in table refer to document from which data was extracted.)

opposed to square root scaling is a more accurate rule of thumb describing the effect of pulse i
width on damage threshold. [A

Measured damage thresholds for single film layers of TiO 2 , Ta2 O5 , ZrO2 , Hf02 , AI203

and SiO 2 were compared by Akhtar, et. al. (Ref. 25) with theoretical estimates derived from two

models. The first model considered temperature generation due to absorption in the film volume.

The second model based damage on inclusions in the film. Absorption and thermal conductivity

was experimentally measured.

The results for the six refractory oxides along with the measured damage thresholds are

presented in Tables 21 and 22. The damage data was determined using a two stage Nd:YAG laser

with a pulse length of 14 nsec and a spot size of 300 microns.
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I Table 21. The-mal Parameters and Damage Threshold of Oxide Layers

Damage Threshold

I Absorption (J/cm 2)

K (bulk) K (film) Coefficient Melting
Material (W/cm°C) (W/cm°C) *,(1/cm) Point (°C) Calculated Measured

HfO2  1.7E-1 7.7E-6 0.3 2758 40 41 + 3

A120 3  2.7E-1 3.3E-1 2.3 2072 38 39 + 1

ZrO2  1.1E-1 1.4E-4 2.0 2700 36 34 + 1

SiO 2  1.4E-2 1.0E-3 0.1 1723 35 34 + 7

Ta20 5  -- 2.6E-4 2.4 1918 27 28 + 2

TiO2  9.7E-2 1.8E-4 5.9 1775 15 13 + 1

I
Table 22. Shows Calculated Values of Temperature Rise in Oxide Films (Equation 4),

Damage Thresholds by Inclusion Model (Equation 5), Measured a and ED

Absorption Temperature Damage Threshold (J/cm 2)
Coefficient Rise in Film

Material (1/cm) T(°C) Exp Cal (Sphere)

HfO2  0.3 207 41 36

A120 3  2.3 3980 39 1955

ZrO2  2.0 217 34 43

SiO 2  0.1 25 34 29

Ta20 5  2.4 86 28 29

Ti02  5.9 745 12 32

Equations refer to document from which data was extracted.

I
I
I
I
I
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Based on results presented in Table 21, absorption coefficient and thermal conductivity 3

have a minor influence on damage but cannot be neglected. Melting point has the main influence,

HfO, having the highest melting point and the highest damage threshold. 3
Based on results presented in Table 22, it is clear that damage thresholds predicted by the

inclusion model are inconsistent with damage threshold measurements for A1203 and TiO. but are I
reasonably consistent for other materials. It is concluded that A120 3 and TiO2 damage due to

absorption in the bulk of the film and the other oxides listed damage due to absorption by 3
inclusions in the ffim.

Damage thresholds were measured by Deaton, et. al. (Ref. 26) for a variety of 1.315 tim I
reflective coating designs containing oxides, as well as other materials. Each coating was prepared

on both Mo and Si substrates. They were characterized to determine the fractional power absorbed

at 1.319 iVm and the rms roughness at 633 lim before and after coating. The rms roughness, as

determined from total integrated scattering measurements was found to be 10 A uncoated and I
50 A coated for Si substrates and 35 A uncoated and 40 to 70 A coated for the Mo substrates.

The damage thresholds are shown in Table 23 for the various coating designs and vendors. I
The designs containing PbF, yielded the lowest damage thresholds and those containing TiOjSiO,

the highest. Films deposited on Si substrates systematically showed higher thresholds than those

on Mo substrates although differences in most cases are slight. In all cases, threshold damage

consisted of a few randomly distributed micro-pits originating in the first few coating layers.

Measurements were made using a pulsed iodine laser with output energy of 5 joules in a

pulse width of approximately 8 rnicroseconds with a spot diameter of 2.8 mm on the sample. All

thresholds reported correspond to single shot per site illumination. Damage was determined by

white light scattering or Nomarski microscopy. The reported damage threshold is the average of

the lowest fluence at which damage occurred in the five shot sequence. The range between the two

levels is approximate due to the uncertainty of the peak fluence for a given shot.

The angular dependence of 351 nm laser damage thresholds in HfOJSiO2 multilayer I
dielectric reflectors was measured by Boyer, et. al. (Ref. 27). Also measured was the 248 nm

damage threshold for bare fused silica, evaporated aluminum films and HfOJSiO2 and AIOJSiOO2

dielectric reflectors for angles out to 85'. Previous work by the author using HfOJ/SiO2 films had

shown that the laser damage threshold for an S-plane polarized beam does not increase with

incident angle (1/cos 0) due to simple geometric fluence dilution and due to decrease in S-

polarization electric field within the film as might be expected. A comparison of the measured
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Table 23. Iodine Laser Damage Survey

Vendor Coating Desing Substrate Threshold (J/cm 2 )

Laser Power Optics (PbF2/ZnS) 4  Molybdenum 27 t 7

Laser Power Optics (PbF2/ZnS)4  Silicon 17 t 3

Laser Power Optics (ThFS/ZnS) 4  Molybdenum 74 ± 10

Laser Power Optics (ThF4/ZnS)4 Silicon 85 t 12

Laser Power Optics (PbF2/ZnS')4  Molybdenum 5 t 2

Laser Power Optics (PbF2/ZnS) 4  Silicon 11 ± 3

Laser Power Optics (ThF4/ZnS) 4  Molybdenum 9 ± 2

Laser Power Optics (ThFS/ZnS) 4  Silicon 13 ± 3

OCLI (Si02/TiO2)" Molybdenum 18 ± 3

OCLI (SiOrTiO 2)" Silicon 24 ± 7

OCLI (ZnS/ThF4)8 Molybdenum 117 ± 23

OCLI (ZnSfrhF4)8  Silicon 54 ± 8

I Spectra Physics (ZrO2/SiO 2)28 layers Molybdenum 47 ± 10

Spectra Physics (ZrO2/SiO 2)28 layers Silicon 55 8

Spectra Physics (TiO2/SiO 2)16 layers Molybdenum 117 ± 17

Spectra Physics (TiO/SiO'2 )16 layers Silicon 32 ± 5

I Northrop (ThFS/ZnS) 4  Molybdenum 92 ± 14

Northrop (ThFS/ZnS)4  Silicon 71 ± 10

I Northrop (A12 0 3 /HfO2 )5  Molybdenum 35 ± 7

Northrop (A 2O23/HfO2)s Silicon 35 ± 5

I Litton AI(LH) 7LL Run #2 Molybdenum 117 ±17

Litton AI(LH)7LL Run #2 Silicon 80 ± 12

I Litton Ti(LH)'°LL Run #1 Molybdenum 50 ± 8

Litton Ti(LH)'°LL Run #1 Silicon 50 ± 8

I Coherent (G1777) Molybdenum 95 ± 15

Coherent (G1777) Silicon 144 ± 20

U Coherent (G1752) Molybdenum 40 ± 8

Coherent (G1752) Silicon 44 ± 6

I
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damage threshold with the anticipated angular dependence is shown in Figure 54. To better

explain the observed angular dependence, a model was proposed in which uniformly absorbing

spherical defects (consistent with a i/cos 0 dependence), were replaced by uniformly absorbing 3
cylindrical defects with cylinder axis oriented normal to the film surface. It was further assumed

that the total energy absorbed by such defects for damage to occur is a constant independent of the

incident angle and that the cylinder height is the thickness of the film. This model is compared

with the same damage thresholds in Figure 55 (r/t is the cylinder aspect ratio) and more 3
successfully explains the weak dependence observed.

To test the validity of the model with other materials, damage thresholds were measured as 3
a function -f angle at a wavelength of 248 rim on bare fused silica, evaporated aluminum and on

HfOJ/SiO2 and AI2OJSiO, multilayers as shown in Figures 56 to 59. The tests were performed 3
using a laser with 23 nsec pulse width and a 50 Hz PRF. The spot size was 0.2 x 0.8 mm at

normal incidence. The n on 1 test format used 100 shots per site. For S-polarization experiments, I
the polarization ratio was 1000:1. Damage diagnostics for the aluminum films was achieved by

visual examination with a low power stereoscopic microscope and white light illumination. For the

other samples, damage diagnostics were achieved with a telescope and video camera with UV

illumination. I
All samples were two inches in diameter. Bare evaporated aluminum films on BK-7 glass

substrates were chosen to represent the case where damage is expected to occur at the surface due 1
to bulk absorption. Fused silica Corning 7940 was chosen to represent a nonabsorbing bulk

material. HfO2 films are absorbing at 248 nm and do not represent defect dominated laser damage

initiation. The HfOJSiO, films were designed to provide a broad enough reflectance band to

provide high reflectance at all test angles. The reflectance of both HfOJSiO, and AOJ/SiO'2  I
multilayers were designed for 75". The AI,O1/SiO 2 multilayers were expected to behave at 248 nm

as the HfOJ/SiO2 multilayers did at 351 rim as shown in Figure 54.

Results of normalized damage threshold test on the aluminum films with unpolarized light

are presented in Figure 57. At least, a 1/cos 0 geometric fluence dilution is apparent. Tests with s-

polarized light again show an additional enhancement but with greater scatter in the data. Results

of normalized damage threshold tests for the HfOJSiO, and AI,OJSiO, multilayers are shown in

Figure 58. All results are for s-polarized light and normalized to make the 600 points fall on the

l/cos 0 curve for comparison. The HfO, damage thresholds follow the l/cos 0 dependence at 248 3
nm quite well. The AI2OJSiO2 threshold values, however, increase more slowly implying a

normalization constant that is too large and that eighty five degree thresholds are likely about four 3
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Figure 54. Comparison of the experimental damage threshold values from Reference 1
with the 1/cose expected from simple geometric scaling. (Reference 1 refers to3 the document from which the data was extracted.)
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Figure 55. Comparison of the experimental damage threshold values from Reference 1
with the cylindrical defect extension to simple geometric scaling. (Reference 1
refers to the document from which the data was extracted.)
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Figure 56. Laser damage threshold values for uncoated Coming 7940 fused silica with I
random polarization scale as 1/cose. The S-polarization results are further
enhanced.
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Figure 57. Laser damage threshold values of evaporated aluminum with random

polarization scale as 1/cosO. The thresholds for the S-polarization results areI

enhanced more than the uncoated fused silica.

I
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Figure 58. The laser damage threshold values for HfO2/SiO 2 and A12 0 3/SiO 2 multilayer
dielectric relfectors are compared with 1/cose and 1/cos2o.
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Figure 59. The laser damage threshold values fbr HfO2/SiO 2, and A12 0 3/SiO 2 multilayer
dielectric relfectors are compared with 1/cose and the cylindrical defect model
with r/t = 0.4.
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or five times greater than normal incident thresholds. Figure 59 the damage thresholds of the 3
multilayers with spherical and cylindrical defect models. The AI2O/SiO2 thresholds are normalized

so that the value at 600 agrees with the model and the chosen aspect ratio and average values at 3
each angle are plotted for clarity.

It was concluded that damage thresholds for Al2 0 3/SiO 2 multilayers scale less rapidly than I
1/cos 0 and are in agreement with a cylindrical model with aspect ratio r/t = 0.4. The model and

assumptions imply a defect radius of about 10 nm and that melting of the defect would require 1
absorption of about 1% of the incident energy. Aluminum films, bare fused silica and the

HfO2/SiO 2 multilayers, which are absorbing at 248 nm do, however, scale with geometric fluence 3
dilution at the sample surface. For the HfO2 /SiO 2 multilayers and aluminum it is probable that

bulk absorption is more important than local defects. The 1/cos 0 scaling of the fused silica I
damage thresholds implies either the defects are more spherical or the energy absorption

mechanism is different in multilayer dielectrics.

I
I
a
I
I
I
I
I
I
I
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3. FLUORIDE AND CHALCOGENIDE COATINGS

3.1 FLUORIDE COATINGS

Fluoride coatings are of interest due to their low indices of refraction and wide spectral

transmission bands. The fluorides are also stable in fluorine containing environments and thus

prime candidates for use in HF/DF or excimer laser systems. Their water solubility is detrimental,

however MgF2 and CaF2 are relatively insoluble. Lead fluoride is reasonably insoluble but is a very

soft film and thus abrasion susceptible. Fluoride properties are reviewed in Table 24. However,

film properties such as moisture resistance and stability of the film are dependent on the deposition

technique and its influence on such factors as porosity. The range of properties presented in

Table 24 can be extended by alloying two or more of the components. It has been found to be

possible to produce epitaxial films of these materials on clean ordered semiconductor substrates at

relatively low temperatures (200*C) despite poor lattice match. This is thought to be due to the

predominant vapor specie being the undissociated molecule. However, this same absence of

dissociation leads to low density polycrystalline films when deposited at room temperature due to

absence of an exothermic chemical reaction at the substrate. Density, however, is found to improve

with substrate temperature. An alternate technique for providing the additional energy required for

adatom mobility is low energy ion bombardment (<250 eV) during film growth. Microstructure

may also be improved by ion bombardment resulting in enhanced durability, however, the UV

cutoff may be deleteriously shifted to longer wavelengths.

3.2 CHALCOGENIDES AND MULTILAYERS

The chalcogenides and chalcogenide/fluoride multilayer stacks are attractive coating

materials from the standpoint of their IR transmittance. The chalcogenides are nonhygroscopic

and may be used with the fluorides as a moisture barrier. These materials are deposited by a

variety of techniques, including electron beam and thermal evaporation, chemical vapor deposition

and molecular beam. Multilayers of ZnSe/ThF 4 on Si, Ge and ZnSe substrates have been

fabricated as AR and HR coatings for CO 2 laser applications. Multilayers of PbF2 or ThF4 with

ZnSe or ZnS have been synthesized for CO 2, HF, DF and atomic iodine laser applications. ZnS

and ZnSe has been multilayered with BaF 2 for Nd:YAG laser applications. Chalcogenide alloys

(ZnS.Sel.,) have also been investigated for applications at 10.6 micron wavelength.
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Table 24. Properties of Fluoride Materials of Interest as Thin Films 3
Solubility in Cold Expansion Spectral Refractive

Materials Water Coefficient (ppm) Bandwidth Index 3
NaF 4.22 36 0.15-11 1.33

LiF 0.27 37 0.11-9 1.40 1
CaF 2  0.0016 18 0.13-12 1.4

SrF 2  0.011 18 0.13-14 1.4 1
BaF 2  0.12 18 0.14-15 1.45

Cryolite 0.2-14 1.35

AIF 3  0.56 0.2-? 1.35

MgF2  0.0076 16 0.11-9.7 1.39 3
PbF2  0.064 11 0.19-17 1.76

ThF4  i 0.25-15 1.5 £

Multilayers of ZnS/BaF 2 have been investigated as thin film distributed Bragg reflectors I
which, due to fundamental properties of the materials, do not shift under temperature cycling or

laser irradiation. Performance is, however, dependent on the degree of film perfection and the I
control of microstructure and interface diffusion. Both chemical reaction and interface diffusion

have been found to contribute to a reduction in reflection band intensity. I
Low damage thresholds of the chalcogenides, particularly ZnS coatings on Ge substrates,

have been attributed to film porosity and the ingress of water. Increasing substrate temperature

during deposition was found to significantly improve the damage threshold. The higher substrate

temperature is thought to induce crystallinity by way of increased surface mobility and to desorb

water from the substrate surface prior to deposition. This hypothesis is further substantiated by

the higher damage threshold exhibited by chalcogenide films deposited by molecular beam. I
Microscopic examination of these films reveals a complete absence of intragranular voids rendering

the films impervious to the ingress of water and other impurities after exposure to the atmosphere. I
The high purity inherent in films deposited by this process further contributes to their exceptionally

high damage threshold. The molecular beam technique allows a high degree of control over the I
deposition process. The ultra high vacuum condition together with in-situ ion beam cleaning

techniques creates an excellent environment for reducing particulate inclusion at the substrate and I
film interfaces.

8
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Further consideration has been given to controlling film density and eliminating ingress of

water in chakogenide and chalcogenide/fluoride multilayers by a stratified approach in which

columnar microstructure would be controlled by alternating the layers of two materials

repetitiously through the film thickness. A logical choice of materials, due to their chemical

compatibility are ZnSe and ZnS. However, the small difference in lattice mismatch was found to

be not great enough to produce propagation of the columnar structure through the interface

producing heavily microtwinned material in the ZnS layer. Stratified heterostructures based on

combinations such as BaF 2 and ZnS, due to larger lattice mismatch were found to have greater

potential for preventing propagation of columnar morphology.

Graded index coatings can be achieved by varying the relative contribution of the two

materials to produce AR coatings. However, certain fluorides are more reactive with sulfides

which can lead to impurity compound formation at the interfaces and significant absorption effects.

In the following, Section 3.3 reviews work directed at determining damage thresholds for

coatings deposited by physical vapor deposition processes. Fluoride coatings were deposited by

ionized cluster beam deposition, thermal and E-beam evaporation and ion beam sputtering.

Chalcogenides and chalcogenide/fluoride multilayers were deposited by the same process and also

by molecular beam. The reader may also wish to review the work of Kardach, et. al. (Ref 6),
discussed in Section 2.1, where fluoride and chalcogenide coating damage thresholds were

compared with those of oxides. Section 3.4 examines work done to compare molecular deposited

coatings with chemical vapor deposited coatings. Finally, damage threshold is related to the

morphology of ZnSe/fhF 4 multilayers in Section 3.5. The reader is referred also to Section 2.4

where Gallegos, et. al. (Ref. 23) investigated the application of fluoride as well as oxides to AR

coat alexandrite laser rods and Deaton, et. al. (Ref 26) examined the utility of

fluoride/chalcogenide as well as oxide multilayers as coatings for the atomic iodine laser.

As for the oxides, other issues influence the damage thresholds of fluoride and chalcogenide

coatings and are discussed at length in the following sections. The principal motivation for

organizing the material as presented here has been to preserve the continuity of technical discussion

and the background provided by each author to assure the credibility and relevance to the damage

threshold data presented in each reference.
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3.3 PHYSICAL VAPOR DEPOSITION PROCESS I
3.3.1 Fluoride Single Layers 3
Ionized cluster beam (ICB) deposited BaF 2 films were compared by Waddell, et. al.

(Ref. 28) with films deposited by conventional evaporation. The ICB films were deposited on 5
ZnSe substrates as anti-reflection coatings using a box coater equipped with a resistively heated

cluster source upon which an electron beam was incident to achieve impact ionization of the BaF,. 3
Accelerati-n voltages were applied using a metallic grid structure. The cluster source consisted of a

carbon crucible with an orifice. Unlike a Knudsen cell, the cluster source operates in a regime

where significant adiabatic cooling of the vapor stream occurs, sufficient to form atomic or

molecular aggregates. 3
The films were deposited under conditions of conventional high vacuum at pressures

typically 1 x 10' mbar. Conventional films of the same material were deposited on ZnSe I
substrates by replacing the source with a conventional boat. Based on other work it was

anticipated that significant effects could be produced on adatom migration, nucleation density,

sticking coefficient and enhancement of chemical reactivity. Significant differences in the

microstructure of the ICB films were found at different growth temperatures. Films deposited by

conventional technique at 2000C were found to have an amorphous structure. Films deposited bv

ICB showed an oriented growth, particularly at higher accelerating voltage. At 3000C, crystallinity

of the ICB films was greatly increased. Conventionally grown films at this temperature showed

orientation, but different than that of ICB films. Scattering from conventionally deposited films 3
was found to vary with substrate temperature during deposition, films deposited at 3000C being

indistinguishable from the substrate. Scattering was found to be lower for ICB deposited films and

to be depe-'dent on both substrate temperature and accelerating voltage. Scatter dropped

appreciably at temperatures of 2500 and 3000C. It was also found from studying reflectance that a

change in growth orientation and film density occurs in the same temperatures range, lower

temperatures resulting in films with graded indices and less than theoretical density. The

temperature at which the transition occurs was found to be reduced by decreasing the diameter of

the orifice of the cluster source.

Damage thresholds for 1.06 micron laser irradiation are compared for conventionally

deposited and ICB deposited BaF, films on BK-7 glass substrates in Table 25. The pulse width

employed in the threshold measurements was 15 nsec FWHM. Damage thresholds for

conventionally deposited films were stated to be low, improving somewhat at higher temperature 1
90 GACIAC SOAR 91-01 3



I depositions (300"C substrate temperature). Greater temperature dependence was found for ICB

deposited films, a factor of 3 improvement being found for films deposited at 200'C. Higher

I acceleration voltages, however, were found to reduce damage threshold. Although thick films

deposited at 2000C were found not to have high density throughout their thickness, they appear to

I have a dense layer near the substrate as do thinner films deposited at this temperature, suggesting

the dense layer near the substrate is functional in the higher damage threshold.

Table 25. Variation of 1.06 jim LIDT with Film Thickness
for ICB BaF 2 Film

Optical Thickness in Units of 1/4 LIDT (J/cm2)

1 39.3 18.4

2.4 24.1 --

3.6 18.4 --

10 13.8 9.3

Deposition temperature 200°C 300'C

Table 26 illustrates damage thresholds measured at 10.6 microns for BaF 2 films on ZnSe

substrates. Conventionally deposited films were found to have lower damage thresholds than the

bare substrates, even when deposited at 300°C. Films deposited by ICB showed significant

improvement with values at 3000C similar to values obtained for polycrystalline MBE deposited

films. These films are thought to be more dense, approaching bulk properties and therefore do not

absorb atmospheric moisture leading to the improved damage thresholds.

Table 26. Laser Damage Thresholds at 10.6 rim

Deposition Acceleration
Temperature Voltage

Film/Substrate (°C) (kV) LIDT (J/cm2 )

U/C ZnSe -- . 63.9-78.8

BaF 2/ZnSe 250 Conventional 60.5-61.6

300 Conventional 68.2-74.8

BaF 2/ZnSe 250 0 85.8-86.9

300 0 107-113
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Porous dielectric AR coatings were synthesized by Yoshida, et. al. (Ref. 29), by

codeposition of two dielectric materials, the porosity was achieved by preferentially dissolving one

material in a chemical solution to produce a graded refractive index. SiO 2 and NaF were deposited

from two independent evaporation sources and the NaF subsequentl) dissolved in ultrapure water.

The wavelength of minimum reflectivity is controlled by the film thickness. After processing, the I
surface roughness was measured and found to be as good as the bare polished borosilicate crown

glass (BK-7) substrate which was 11 A rms. The films were found to be abrasion resistant an.3

withstood the tape peeling test.

Damage threshold of the porous dielectric is compared to multilayer AR coatings and

quartz (in Table 27) at three wavelengths: 1.053, 0.527 and 0.355 Am. To achieve the

measurements, the output from a Q-switched Nd:YLF laser or an actively mode-locked Nd: YAG I
laser was amplified by two Nd:glass amplifiers and frequency upconverted by type II KDP crvstals.

Spot diameter at the sample was 400 mm. Damage was detected with a Nomarski microscope at

200X magnification. "One shot damage," i.e., 1 on 1, as well as n on 1, testing was performed.

Results indicated that the porous coating exhibited twice the damage threshold at all tested

wavelengths compared to the multilayer AR coatings. The n on 1 tests at fluence levels below the

1 on 1 threshold indicated an increase in threshold from 8 to 11.5 J/cm 2 which is comparable to 3
the bare quartz surface. This is significantly higher than the threshold of a single SiO 2 coating.

The damage pattern determined by phase contrast microscopy exhibited small damage pits

(-3 Am) with evidence of larger areas being ablated away at higher fluences.

Single layer and multilayer fluoride and oxide coatings were deposited by Kolbe, er. al.

(Ref. 30), using evaporation, ion beam sputtering and thermal evaporation in order to compare

optical constants, inhomogeneity coefficients and laser damage thresholds for applications in the

spectral range between 150 nm and 250 nm. Layers of Si0 2 and A120 3 with thickness of 400 nm I
were deposited onto fused silica substrates by electron beam evaporation and ion beam sp ... Ir.3.

For the E-beam coatings, the substrate temperature was 3000 C and the deposition rate was

0.5 nm/sec with an oxygen back pressure of 2 x 10-4 mbars. The vacuum chamber was equipped

with an oil diffusion pump and liquid nitrogen Meissner trap. Additional oxide coatings were 3
deposited by ion beam sputtering using a cryo-pumped coating plant. A partial pressure of 10-4

mbar oxygen was added to produce fully stoichiometric oxide coatings. Deposition rates were 0.4

nm/sec for silica and 0.3 nm/sec for almrnina.

Measurements of optical constants for both A120 3 and Si0 2 fi!ms revealed very small -

deviation from other reported values with the refractive index of the ion beam sputtered coating
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Table 27. Comparison of the Damage Threshold Between the Porous Dielectric AR

Coating, the Standard AR Coating, and the Quartz at 2=355 nm (rp = 0.4 ns),
527 nm (-P = 1 ns), and 1053 nm (v: - 1 ns), Respectively

Damage
Threshold

AR Coatings (J/cm 2) Laser Coating Materials and Layers Test

Multilaver 3-4 1053 nm No undercoat; TiO2/SiO 2 2-6, i-on-I
layers

Multilayer 4-8 1 ns 1/2 SiO 2 undercoat; TiO2/SiO 2  1-on-I
3-7, layers

5Porous dielectric 12-13 1-on-i

Multilaver 2.5-3.5 527 rum No undercoat; TiO2/SiO 2  1-on-I
2-6, layers

Multilaver 4-5 1 ns 2/2 SiO 2 undercoat; TiOJSiO 2  1-on-i
3-7, layers

Porous dielectric 12 1-on-i

Monolayer 2-4 1/4 SiO 2  1-on-i
4.4-6.4 )./4 Si0 2  N-on- I

,Mixed thin film 2.5-3.2 355 nm NaF+SiO2  1-on-i

Multilaver 1-3 0.4 ns 1/2 SiO 2 undercoat; Al2O3/SiO 2, 1-on-I
SC 2O3/SiO 2, 3-7 layers

Porous dielectric 6-9.5 1-on-I
10.5-11.5 N-on-I

Quartz 9.5-16 1-on-1

being slightly higher than those found for the E-beam evaporated films. The extinction coefficient

was slightly higher for the A120 3 sputtered film than for the E-beam evaporated A120 3 . For the

silica films, the extinction coefficient was less than 10-4 for both deposition techniques for

wavelengths down to 190 rim.

Single layer fluoride coatings of different thicknesses (2, 8, 14, 20, 26, QWOT at about

200 nm) were deposited onto substrates of BK-7 glass, fused silica and calcium fluoride at

substrate temperatures between 100°C and 400°C. Deposition rates in nm/sec were: 3 (A120 3),

0.8 (MgF 2), 0.25 (NdF3 ), and 0.5 (other materials).

To assess effects of internal stress and scatter loss arising from the microstructure

commonly associated with films of these materials, they were examined by visual inspection with
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intense white light illumination and by dark field microscopy (magnification 125X). The results 3
are presented in Table 28. A strong dependence on substrate temperature was observed in several

properties of the film. In particular, the extinction coefficient dropped significantly with increasing 3
temperature and the inhomogeneity as well as the shift of optical thickness before/after venting

increased significantly at low substrate temperature.

Results indicated that deposition of fluoride coatings with low optical losses can be

performed only at high substrate temperatures. This may, however, lead to cracking caused bv 3
internal stress if the substrate material is not matched to that of the film. Measurements of

extinction coefficients of these films were comparable and in some cases (particularly those films I
deposited by E-beam) were as much as a factor of 2 higher than those documented in other

references. 3
HR quarter wave multilayers were also fabricated. Except for the pure oxide systems, the

multilayers were deposited simultaneously onto heated substrates of fused silica, BK-7 glass and I
calcium fluoride at temperatures between 300°C and 400°C. All systems (except the pure oxides)

had cracks when deposited onto fused silica but it was not difficult to deposit coatings without

visible defects onto calcium fluoride and BK-7 substrates supporting the hypothesis that internal

stresses in fluoride coatings are strongly dependent on the thermal expansion coefficient of the 3
substrate. Performance parameters for AI2 0 3/SiO 2, LaF 3/MgF2 and LaF3/AIF 3 agreed well with

theoretical values computed from the measured optical constants of the single layers. For the other 3
multilayer combinations, the reflectance was significantly lower than calculated. For LaF 3/AIF 3,

GdF3/AIF3, NdF3/AIF 3 and NdF3/MgF2 lower reflectance was attributed to design deviations. 3
For multilayers exhibiting lower reflectance and transmittance, surface roughness of the

substrate and its replication at interfaces or interface defects caused by chemical/physical properties I
of the layer materials were blamed.

Damage threshold measurements were performed with an excimer laser emitting at 193 nm 3
wavelength with pulse length of 25 nsec. The elliptical beam had a cross section of 0.65 mm2 .

Damage was detected using an in-situ microscope in connection with digital image processing. I
Damage threshold of the fluoride and oxide coatings are shown in Figure 60. The low values of

the alumina layers are caused by their high absorption loss. Thresholds are generally higher for 3
sputtered coatings than for E-beam coatings which is attributed to their higher packing density and

better mechanical stability. The thresholds of the high index fluoride films are much higher than 3
those of the high index oxide films.

I
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Table 28. Morphology of Evaporated Fluoride Single Layers

Layer Quality vs. Layer Thickness
[QWOT at 200 nm] Substrate

Material
Material; [F.S.= Fused Morphology
Substrate Temperature 2 8 14 20 26 Silica [Explanations are given below]

NaF; 400*C - - - All Pinholes

NaF; 100*C .. All Pinholes

AIF3; 400'C + CaF2
+ BK-7 Pinholes after aging > 10 days
+ + + + F.S. Pinholes after aging > 10 days

AIF 3 ; 100*C CaF2  Pinholes after aging > 10 days
+ BK-7 Pinholes
+ + F.S. Pinholes after aging > 10 days

MgF2 ; 4000C + CaF2
+ + + + + BK-7
+ + F.S. Cracks (50 1)

MgF2 ; 100WC (+) CaF2
+ + (+) (+) (+) BK-7
+ + F.S. Cracks (10 1)

YF 3 ; 4000C (+) All Pinholes

YF3 ; 1000C (+) All Pinholes

GdF3; 400rC + CaF2
+ + + BK-7

+ + F.S. Cracks (101)

GdF 3; 100*C
+ + BK-7 Hazy
+ + F.S. Hazy

LaF 3 ; 4000C CaF2  Cracks (5 1)
+ + BK-7 Cracks (10 1)
+ + F.S. Cracks (5 1)

LaF3 ; 100*C CaF2  Pinholes
+ + + BK-7 Hazy
+ + + F.S. Hazy

NdF ; 4000C + C.F2
+ + BK-7 Cracks (20 1)
+ F.S. Cracks (10 1)

NdF3 ; 100*C CaF2  Hazy
+ + + BK-7 Hazy after aging > 10 days
+ + + F.S. Hazy after aging > 10 days

Layers marked with "+" showed no defects
Layers marked with "( +)" were damaged by rubbing with lens tissue and acetone
Layers marked with "-" showed one of the following defects:

--cracks (mean separation is given in btr.:kets)
--extremely high pinhole densities
--hazy appearance without any detectable fine structure.

95 GACIAC SOAR 91-01



Damage thresholds for the multilayer coatings are presented in Table 29 and in Figure 61.

Those combinations containing A120 3 as the high index material again exhibit low damage

thresholds. Also, correlating with the single layer results are the high damage thresholds for

NdF3/MgF2, LaF 3/AIF 3 and GdF3/AIF3 . The intermediate thresholds obtained for NdF3/AIF 3 and

GdF3/AIF 3 do not correlate well with the single layer results. This was attributed to unfavorable

deposition conditions with possible improvements by optimizing process parameters.

Table 29. Optical Data of the Deposited Multilayer HR Stacks

L, No. of Re Te Th Eaa
Materials (nm) layers (%_ ' R (%) (%1 (%) (J/cm")

Al2 0 3/SiO 2  193 61 92.7 93.5 <0.1 0.2 0.26

A12 0 3/SiO 2 (IBS) 193 41 93.5 94.6 0.2 0.2 ...

A'20/AIF3  193 39 92.2 97.9 <0.1 <0.1 0.20

A' 20 3/MgF2  199 41 96.2 98.4 0.1 <0.1 0.07 I
NdF3/AIF3  193 41 97.6 99.0 0.3 <0.1 0.64

NdF3/MgF2  187 39 96.5 98.1 0.3 0.1 1.14 I
LaF 3/AIF 3  188 41 97.6 98.3 0.5 0.1 1.35

LaF3/MgF 2  193 41 97.2 97.6 0.5 0.4 1.52 I
GdF3/AlF 3  200 41 80.4 98.3 2.1 0.2 0.71

In some cases, the central wavelength 1,, is different from 193 nm. For these coatings, the R I
and T data were taken at the individual values of 1. 3

3.3.2 Chalcogenide and Chalcogenide/Fluoride Multilayers

A scanning electron microscopy (SEM) was used by Johnson, et. al. (Ref. 31) to identify

defects in ZnSe/iThF 4 multilayer mirrors which may be responsible for onset of damage.

(ZnSefThF 4)5 multilayers designed for 3.8 jm reflectance were evaporated on Mo substrates

overcoated with Au. The vapor stream was electrostatically filtered for two of the three mirrors

studied to reduce the number of particulates in the coating.

In studying the damage morphology, oblong shaped damage sites oriented perpendicular to

the electric field of the laser were found to occur in a large erosion pattern which is somewhat

bigger than the 1/e2 laser spot size (150 pm). The oblong sites varied with the density of

particulates, the orientation effect not occurring in areas where there were no particulates in the

damage spot. Particulate density was lower for the electrostatically filtered sample. The oblong
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shaped craters may be due to the interference between the incident laser beam and the scattered

waves from the surface particulate.

Another damage morphology observed involved selected erosion at embedded particulates

beneath the ZnSe layer. Auger depth profiling indicated the particle was composed of calcium,

carbon and oxygen (the bulk ThF, may have been stored with a CaCO, desiccant). Other damage I
related morphologies observed were pin holes and high stress as indicated by selective crater

formation within a larger erosion pattern and cracking at the edges of damage craters.

An HF/DF laser was used for damage testing. In the DF mode (I = 2.7 Vm), the laser

did not produce consistently high enough fluence to induce damage. When needed, modes,

including HF (I = 2.7 pjm) were used. The spot size for nearly all experiments was 150 pm

(500 pim for one damage site) and the pulse length was 1 gtsec. Onset of damage is shown in

Figures 62 and 63 for low and high defect mirrors, respectively. Tests were performed using one

pulse per site with a 0.5 mm separation. The number of pulses at a given fluence was dependent

on reducing the uncertainty in the damage frequency below a desired level. A total of 738 pulses

was used for Figure 62, and 1010 pulses for Figure 63. The low defect mirror exhibited superior

damage resistance relative to the high defect mirror.

Coatings of ZnSe and ZnS were deposited by Lewis, et. al. (Ref. 32) by molecular beam

evaporation to assess the improvement in damage threshold achievable by producing films of near

theoretical density. ZnSe and ZnS exhibit a columnar polycrystalline morphology which plays an

important role in determining resistance to laser induced damage. It is thought that void

formation in such structures is enhanced at grain boundaries and that diffusion of impurities,

especially water, readily proceeds along such paths. The presence of heterogeneous impurities at

such grain boundaries also results in generation of compressive stresses in the film. Such stresses

are increased by variations of parameters during deposition which ultimately lead to poor

adherence. It is therefore desirable to synthesize films not having polycrystalline columnar

morphology. This work examined the limits tc which coatings exhibiting this morphology could

be taken. While films deposited by molecular beam evaporation exhibited polycrystalline columnar

morphology when examined by cross-section transmission electron microscopy, no voids could be

detected. However, a high density of microtwins and stacking faults were evident suggesting 3
further improvements in damage threshold may be feasible.

Substrates were cleaned with solvents prior to loading and further cleaned by Ar* beam I
bombardment in an attached chamber prior to introduction into the ultra high vacuum deposition
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chamber (10" mbar). The deposition chamber contained Knudsen cells charged with broken 3
lumps of ZnSe (for stoichiometric beams of Zn and Se2), ZnS (for beams of Zn and S) and AgS

(for a S beam). Coatings were deposited on ZnSe, GaAs, Si and Ge substrates. Coatings were 3
mirror smooth replicating the substrate topography.

One micron thick ZnSe films were grown on polycrystalline ZnSe substrates. The ZnSe I
source temperature was 950°C and the substrate temperature was 1750. The growth rate was

1.2 gm/hour at a partial pressure of 2x10'0 mbar (H2O) and 2x10-° mbar (CO). 3
Quarter-wave (I = 10.6 pm) thick ZnS films were also deposited by the same technique

on Ge substrates at 50°C. An S. flux (Ag2S Knudsen source) was used to improve sticking of the

ZnS film. Films were deposited under high vacuum and under conditions simulating conventional

vacuums: p(H 20) 2.5 x 10' mbar, p(H 2) 7 x 10? mbar, p(CO) 3 x 10' mbar, and p(H2S) 4 x 10 I
7 mbar, for comparison of laser induced damage.

Two separate TEA CO2 lasers were used to examine the dependence of damage threshold U
on pulse length. One laser provided a 33 nsec FWHM gain switch spike followed by a 1700 nsec

tail. The other laser provided a longer pulse comprised of a single, slightly skewed gaussian peak

(no tail) of 340 nsec FWHM. The damage threshold for the short pulse and a 102 pm spot size

was 60 to 73 J/cm2 which exceeds the 50 to 60 J/cm" threshold measured on the uncoated region

of the same sample. The difference was attributed to the presence of residual surface impurities on

the substrate which had been removed in the coated region by predeposition ion beam cleaning.

For the longer pulse length (340 nsec) the damage threshold of the ZnSe coating was found to be

31 to 38 J/cm' for a 180 pm spot size. Micrographs revealed that damage initiated at discrete I
microscopic inclusions resulted in craters some 10 pm in diameter. The uncoated rear surface of

the substrate always damaged at these energy densities.

The damage threshold for the ZnS coatings on Ge substrates were in the range of 15 to

16 I/cm2 (33 nsec, 200 pm spot) compared to 16.8 to 24 J/cm2 (60 nsec, 140 pm spot) measured by I
others for clear regions of single layer ZnS/Ge AR coatings. Damage threshold of the Ge substrate

was on the order of 25 J/cm'. These substrates were observed to contain a great deal of polishing I
debris and other visible defects. Comparison of ZnS coatings deposited at ultra high vacuum with

deposits at conventional pressures exhibited equivalent damage thresholds (16 J/cm'). However, I
morphology of the damaged film revealed the UHV film adhered more strongly to the substrate.

Damage thresholds of ZnS films on Ge and Si substrates synthesized by thermal I
evaporation and electron beam evaporation were compared by Gibson, et. al. (Ref. 33). The
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principal aims were to identify the sources of damage relative to surface and bulk properties and

relate these to the deposition conditions. Attempts were made to identify methods of increasing

damage resistance by optimizing deposition conditions. The films were deposited in optical

thicknesses of 1/4, 1/2, 31/4 and I where . = 10.6 pm. The Ge substrates were polished with

alumina (Linde A, 0.3 pm). The following sets of films were deposited: (1) thermal evaporation

on Ge (120°C), (2) thermal evaporation on Ge (2000C), (3) electron beam evaporation on Ge,

(4) 1./4 thermal evaporation on ZnS (200°C), and (5) 1/4 thermal evaporation on Si (200°C). A

1/4 ZnS AR coating was put on the back of the substrate to eliminate coherence effects which

would complicate interpretation of measurements made. The following measurements were made

on the films: (1) C02 laser calorimetry, (2) C02 pulsed laser induced desorption spectrometry,

and (3) CO2 laser damage threshold.

Laser damage tests were performed using a C02 TEA laser with a 100 nsec spike and 2

psec tail. Laser damage thresholds were defined to be the peak energy density corresponding to

the zero probability of damage. The ratio of coated to uncoated damage thresholds are shown in

Tables 30 and 31. As the number of quarter waves deposited increases, more energy is coupled

into the substrate surface. For uncoated Ge, transmission is 64%. For 1/4 and 3 ./4 ZnS on Ge,

transmission is 99%, whereas 1/2 and I films have transmission of 64%. Consequently, if the

damage threshold of the ZnS film on Ge is limited by damage to the substrate, the ratio of coated

to uncoated damage thresholds will be 64% for ./4 and 31/4 films and about 100% for X/2 and

I films. Based on Table 30, films thermally evaporated at 2000C and electron beam deposited

films are substrate limited while films thermally deposited at 1200C are film limited. This was

confirmed studying the damage morphology with a Nomarski microscope.

Table 30. Ratio of Film to Substrate Laser Damage Thresholds for ZnS on Ge

LDT (Film)/LDT (Substrate)

Film Thickness Thermal Thermal Electron
(No. of 1/4 Waves) "Cold" "Hot" Beam

1 0.26 0.63 0.60

3 0.48 0.65 0.63

2 0.63 0.92 0.99

4 0.66 0.94 1.05

Probable damage source Film Substrate Substrate
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Table 31. ZnS Films on High LDT Substrates 3
LDT (Jcm"2) LDT Ratio (Coated:Uncoated)

Theoretical if 3
With 1/4 ZnS Substrate

Substrate Type Substrate Only Film on Both Sides Experimental Limited

Si 66 38 0.58 0.7

ZnS 70 69 0.99 1.00 1

The effect of prepulsing the ZnS/Ge films deposited at 120°C at fluences below the damage

threshold did not increase the damage threshold for the 1/4 film. However, for thicker films

deposited at the same temperature, it can be seen from Figure 64 that energy densities in excess of

10 J/cm 2 cause an increase in damage threshold. As can be seen from Figure 65 (d), prepulsing at

11 J/cm 2 decreases probability of damage to values equivalent to films thermally deposited at 3
200°C or by electron beam evaporation. Since neither the Ge substrate nor films deposited by

electron beam nor thermally deposited at the higher temperature showed prepulsing effects, it was 3
surmised that the films deposited at the lower temperature contain a desorbable contaminant

limiting their damage threshold. This was confirmed by laser calorimetry and laser induced I
desorption analysis.

A similar analysis of the films deposited on higher damage resistant substrate (Si and CVD

ZnS) at 200°C indicated that ZnS on Si is film limited and ZnS on ZnS is substrate limited.

Supporting data is shown in Table 31. Results were again supported by studying the damage 3
morphology. Since damage occurred at the ZnS/Si interface, it is expected that a film substrate

reaction may have occurred. 3
Two component films consisting of ZnS and ZnSe were successively deposited by Lewis,

et. al. (Ref. 34) as discrete layers 50 to 300 A thick with objective of modifying the columnar 3
growth exhibited by the individual components. Since the materials have different lattice constants

(5% difference), it was anticipated that epitaxial growth of successive layers onto each other would 3
not be possible suppressing thus propagation of columnar grains at each interface. The expectation

was the achievement of more dense films exhibiting higher damage thresholds. The films were 3
grown by molecular beam deposition in an ultra high vacuum deposition system. These two

component films were compared to ZnS films on Ge substrates deposited at 50°C. The ZnS films 3
were found to be comparable to the ZnSe films discussed in Reference 32, being very dense and

exhibiting no detectable pores. However, unlike ZnSe, the columnar structure of ZnS did not 3
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I
propagate through the film thickness and the stacking fault contrast within the columnar grain was 3
no longer perpendicular to growth direction. The polycrystalline structure was less ordered and the

degree of fiber texture somewhat reduced compared to ZnSe. 3
Clusters of dislocation loops were observed in the Ge substrate caused by abrasion during

polishing and a thin amorphous region was evident at the surface arising from damage induced 3
during ion cleaning.

Microstructure of the two component films (ZnSe1 Sl-.) deposited on glass coverslips was I
also similar to that of ZnSe, again exhibiting columnar characteristics. Apparently, the 80 A thick

ZnS sublayer was too thin to prevent propagation of the columnar structure. However, the films

had a high degree of interface perfection achieved by the absence of voids and inclusions. Close

examination of grain boundary regions showed a similar lack of porosity.

The damage thresholds shown in Table 32 were determined using a short cavity CO 2 TEA

laser operating at 10.6 lim wavelength with a 33 nsec FWHM pulse having a tail extending to

1700 nsec. Beam diameter at the sample was 100 hIm. Damage was detected using a video

camera mounted on a 1oX microscope objective close to the sample.

Table 32. Laser Damage Thresholds of Various UHV-Produced Films I
Film Substrate LIDT/Jcm"2

Uncoated Ge* 25

ZnS Ge* 15-16

Uncoated ZnSe 50-60

ZnSe ZnSe 60-73

ZnS ZnSe 79

ZnSxSe1 .1  ZnSe 56-57

(ZnS/ZnSe). ZnSe 54-60

All LIDT values determined for pulse lengths of 32 nsec FWHM and l/e 2

beam diameters of 100 pim.
*Denotes substrates affected by surface work damage. I

The ZnS films on Ge substrates were cross sectioned and their microstructure examined by

TEM in the laser damaged regions. Based on this examination, it was argued that damage

originated in the regions of high absorption in the Ge surface at dislocation loop clusters caused by
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abrasives during polishing. Once heating had been initiated, absorption increased rapidly and the

process of thermal runaway ensued resulting in film ablation above the substrate and plasma

formation. As a result of this plasma heating, surface melting of the ZnS film was observed at

positions away from the damage site center.

Damage thresholds of a 2 pm thick ZnS/ZnSe film of 80 A and 240 A layers, respectively,

was compared with that of the ZnS. Sel.x alloyed film on a ZnSe substrate. Damage thresholds

were found to be nearly equivalent and within the range measured for the uncoated ZnSe substrate.

However, the two component films have slightly lower thresholds than single component ZnS or

ZnSe films.

The damage threshold of a variety of AR coatings on CdTe substrates were determined by

Eng, et. al. (Ref. 35) using a CO 2 laser with an ultra wide pulse (tens of microseconds). Specifics

of the samples tested are summarized in Table 33. The substrates were acquired from two

different sources and AR coated by a number of vendors. Coating materials were combinations of

ThF4 and ZnSe. Damage test results are tabulated in Tables 34 to 37. The laser pulse repetition

frequency was 1 Hz. The pulse width FWHM was 35 ,lsec. The spot diameter was 2.73 mm for
samples 1 to 4 and 1.06 mm for samples 5 to 48. In tests with the larger spot diameter, it was

difficult to achieve damage. Sample CT-2, however, damaged at a rather low level due to a high

density of surface defects. For damage test numbers 5 to 8 (sample CT-1), energy density was

gradually increased until damage was observed at 30 J/cm 2 after two shots. Similarly, CT-6

(having the same specifications as CT-I) damaged at 30 to 36 J/cm 2 after 60 shots. Other test

numbers are representative of conditioning runs with gradually increasing energy density. In

Table 35, three damage sites were obtained on sample CT-3 after preconditioning at lower energy

densities. Thresholds for the three sites were in the range of 34 to 40 J/cm2 . In Table 36, the

laser polarization was purposely changed between tests 29 to 32 and tests 33 to 36 to determine if

change in the electric field intensity influences the da -iage threshold. It was ascertained that 30%

change in electric field due to the change in polarization had little effect and it was therefore

concluded that damage is mainly thermal in origin. Further results for sample CT-4 in Table 37

indicated a damage threshold of 50 J/cm 2 (test number 43), nearly two orders of magnitude higher

than data reported for nanosecond pulses. However, subsequent tests resulted in a threshold of 32
J/cm 2 , the reduction thought to be due to surface contamination related to debris from an adjacent

damage site from an earlier test.

Energy density damage thresholds as a function of pulse width, based on other studies, are

shown in Figure 64. Observed thresholds relative to short pulses are more than an order of
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Table 33. CdTe Test Sample Specifications 3

Sample
Number CT-1 CT-2 CT-3 CT-4 CT-5 3
Crystal
Surface Polycrystal Polycrystal (111) or (110) (111) or (110) (111) or (110)

Crystal 3
Growth II-VI Inc.a Unknown II-VI Inc.a 11-VI Inc.a II-VI Inc.'
AR-Coat
Type ThF4 /ZnSe ThF4  ZnSe/ThF4/ZnSe rhFV/ZnSe ThF4/ZnSe

Final
Mechan. Ultrafine (mm)
Polish 0.3 lm 0.3 1m 0.3 Im 0.3 Im

Chem/RF
Cleaning Yes/No No/Yes Yes/Yes Yes/No Yes/No 3
Evaporation Thermal E-beam Thermal E-beam Thermal

Substrate
Temp., °C 150 100 200-250 150 200
a Modified Bridgeman method within doping.

Table 34. Damage Test Results on CdTe Samples

Damage Sample Peak Energy Number 3
Test Number Numbera Density (J/cm2) of Shots Polarization Resultsa

1 CT-1 7.4-9.6 900 Linear ND 3
2 CT-1 5.1-6.7 3600 Linear ND

3 CT-2 3.9-5.3 900 Linear ND 3
4 CT-2 5.3 300 Linear D

5 CT-1 6-8 600 Linear ND 3
6 CT-1 12-16 600 Linear ND

7 CT-1 20-25 600 Linear ND 3
8 CT-1 30 2 Linear D

9 CT-6b 8-10 1200 Linear ND 3
10 CT-6 18-22 600 Linear ND

11 CT-6 24-30 600 Linear ND 3
12 CT-6 30-36 60 Linear D

aND = no damage; D = damage.

b The fabrication process for sample CT-6 is the same as that for CT-1.
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Table 35. Damage Test Results on CdTe Samples
Damage Sample Peak Energy Number

Test Number Num r' Density (J/cm 2) of Shots Polarization Results

13 CT-3(1D1) 16-22 600 Linear ND

14 CT-3(111) 22-26 600 Linear ND

15 CT-3(111) 26-30 600 Linear ND

16 CT-3(111) 32-34 5 Linear D
17 CT-3(110) 8-10 600 Linear ND
1s CT-3(110) 16-20 600 Linear ND

19 CT-3(110) 26-32 600 Linear ND

20 CT-3(110) 38-40 5 Linear D

1 21 CT-3(110) 10-16 600 Linear ND

22 CT-3(110) 16-22 3600 Linear ND

1 23 CT-3(110) 26-32 600 Linear ND

24 CT-3(110) 38 5 Linear D
Numbers within parentheses denote crystal surface.

b ND = no damage; D = damage.

I Table 36. Damage Test Results on CdTe Samples

Damage Sample Peak Energy Number
Test Number Number Density (J/cm 2) of Shots Polarization Resultsb

25 CT-3(110) 10-16 600 Linear ND

26 CT-3(110) 16-22 3600 Linear ND

27 CT-3(110) 26-32 600 Linear ND

28 CT-3(110) 38 5 Linear D

I 29 CT-1 6-8 600 Linear ND

30 CT-1 12-16 600 Linear ND

j 31 CT- 1 28-32 600 Circular ND

32 CT-1 34 20 Circular D

1 33 CT-3(110) 7-10 1200 Linear ND

34 CT-3(110) 18-22 600 Linear ND

1 35 CT-3(110) 26-32 600 Circular ND

36 CT-3( 110) 34-36 300 Circular D

i Numbers within parentheses denote crystal surface.
b ND = no damage; D = damage.
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Table 37. Damage Test Results on CdTe Samples

Damage Sample Peak Energy Number
Test Number Number' Density (J/cm2 ) of Shots Polarization Resultsb

37 CT-4(110) 6-8 600 Linear ND

38 CT-4(110) 8-12 600 Linear ND 3
39 CT-4(110) 12-16 600 Linear ND

40 CT-4(110) 16-21 600 Linear ND 3
41 CT-4( 110) 24-30 600 Linear ND

42 CT-4(110) 30-40 600 Linear ND 5
43 CT-4(110) 45-50 5 Linear D

44 CT-4(110) 6-8 600 Linear ND

45 CT-4(110) 16-20 600 Linear ND

46 CT-4(110) 20-24 600 Linear ND

47 CT-4(110) 24-28 600 Linear ND

48 CT-4(110) 30-32 15 Linear D 5
a Numbers within parentheses denote crystal surface.
b ND = no damage; D = damage.

magnitude higher. The damage thresholds for long pulses fall below the square root of pulse

width line extrapolated from short pulse data. m

Work performed by Lewis, et. al. (Ref. 36) had the objective of assessing the role of

interfaces in multilayers in contributing to laser induced damage. While past work has indicated

that the electric field distribution in the multilayer is an important factor in determining the

damage threshold, as is the laser pulse width, dependence as exhibited by experiments may be n

masked by coating defects. Defects due to contamination are most likely to occur at interfaces,

particularly at the substrate interface. Since the peak electric field in 1/4 multilayers also occurs at

these interfaces, it is often not clear which is the predominating cause of failure. The distributed

Bragg reflector (DBR) design was selected as a candidate for distinguishing electric field and

interface effects within the multilayer structure. The particular DBR structure used in this work

was characterized by an essentially uniform refrinctive index with very thin sharp discontinuities at 3
X/2n intervals. The peak electric field in this structure is in the high index layers (n = 2.2) which

are separated by thin low index layers (n = 1.5). The substrate index is also 1.5. The relative 3
position of the peak in the high index layer can be shifted simply by altering the phase of the

0
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structure by adding to or subtracting from multilayer material at the air/film interface. The peak

field can be placed close to an interface allowing its effect on damage threshold to be assessed.

Alternatively, the peak field may be allowed to remain close to the center of the high index laver to

explore the effect on laser damage threshold of incorporating a few atomic layers of different

material at this position. Total reflectance and bandwidth can be varied by selecting the number of

layers and the index difference. Similar effects can be achieved with the reverse structure of thicker

low index films separated by thin high index layers. The design has the added advantage of

allowing use of techniques for preventing propagation of columnar microstructure.

HR coatings using these design principles were made by molecular beam epitaxy.

Substrates were cleaned prior to deposition using a raster scanned argon ion beam. Two types of

multilayers were deposited to assess interface perfection. In the first, a BaFJ/ZnSe multilaver was

deposited with each layer 10 nm thick. This was ion beamed to determine the chemical

composition of the layers at discrete intervals. At the ZnSe/BaF 2 interface, chemical reactivity was

indicated by the presence of Zn in ZnF2 . The second type of multilayer involved fabricating

designs with increasingly thinner 1/2 distributed layers. Comparison of measured reflectance with

matrix technique calculations indicated a diffused interface between layers based on lower

reflectance than expected as may result from chemical reaction or diffusion. XTEM micrographs

revealed interface roughness on the order of 25 A with a period of 150-300 A. This is fixed largely

by crystallite diameters of ZnS layers of about 100 A. Based on the similar morphology and

growth behavior of ZnSe it was assumed that an interface spread of 25 A also occurs for

ZnSe/BaF 2 structures. Models assuming a linear gradation of index over 25 A provided agreement

with spectral results implying a high degree of chemical reaction between the material.

Some improvement was noted for PbF2/ZnS because of the higher mobility of PbF2 during

growth. The measured optical density at the reflection maximum slightly exceeding theoretical

prediction suggests lower interdiffusion and reaction than for ZnS/BaF 2.

Based on shifts in the reflectance peak to longer wavelengths when heated, it was deduced

that water was not liberated and the films were not porous.

Laser damage threshold measurements were made using a Nd:YAG laser (;. = 1.06 V,.m)

with a 10 nsec pulse width. Spot size was 59 lIm, Measurements were made on a single shot

basis.

Damage probabilities determined in 1 on 1 experiments at I = 1.06 Jim are shown in

Figures 65 and 66 for a DBR designed to have peak reflectivity of 60% at 1.06 pim. The zero
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probability threshold is close to 20 J/cm2, similar to values obtained on films of the component

materials. Damage initiated at the glass substrate in all cases implying that high peak fields within

the 1/2 ZnS layers do not themselves appear to initiate damage. This may be a consequence of the

relatively higher perfection of the MBE grown structures with high crystallinity and absence of

absorbing inclusions.

3.4 COMPARISON OF MBE AND CVD DEPOSITION PROCESSES

BaF2 and PbF2 were examined as components in multilayers with ZnS and ZnSe by Lewis,

et. al. (Ref. 37). The fluoride coatings were deposited in ultra-high vacuum from Knudsen

sources, the coating materials contained in high purity graphite crucibles carefully out gassed

following baking of the chamber at 180°C. Deposition rates ranged from 0.1 to 1 micron per

hour. ZnSe and ZnS films were deposited from high purity source materials prepared by CVD

and contained in graphite and pyrolytic boron nitride crucibles, respectively. Substrate

temperatures ranged from 40 to 350'C. Substrates were Si, ZnSe, ZnS or glass.

The surface morphology of the room temperature deposited BaF2 films was found to be

rough and the films exhibited poor durability. High optical scattering was observed varying

approximately linearly with film thickness. As the deposition temperature increased, the

microstructure became more crystalline (250'C) and the films became exceptionally smooth and

quite hard (350°C). Refractive index measurements (measured at 400 nm wavelength) suggested 3
that film density increased at higher deposition temperatures (350°C). Cross sectional morphology

indicated a change from no columnar growth at room temperature to a dense columnar film with

increased crystallite sizes due to increased adatom mobility for films deposited at 350'C.

Barium fluoride/lead fluoride mixtures were deposited by varying the source temperatures

of the two evaporants. The change in adatom mobility achieved by the joint deposition on a 40'C

substrate lead to quite smooth films for BaF-2 concentrates as high as 77%.

The film microstructure was synthetically controlled by repetitively depositing a composite

built up from 75 A of BaF, interspersed between 115 A of ZnS producing crystallite blocks about

80 A in dimension. This substantially reduced porosity increased the density of the film. This

technique was extended to create graded refractive index AR coatings with exceptionally wide

bandwidths by varying the relative contributions of BaF 2 and ZnS as the deposition proceeds. This

technique was used to deposit 2 micron thick films with index linearly graded from 1.7 to 2.4.

The film consisted of 240 discrete layers with thickness varying from 2 A to 240 A.

110 GACIAC SOAR 91-01



Interface absorption in multilayers of PbF2 and ZnS was considered problematic from the

standpoint of a solid state reaction producing PbS, a narrow bandgap material (0.29 eV) which

would seriously degrade transmission. For PbFJ/ZnS digital graded hetrostructures, significant

absorption was found to commence at wavelengths as high as 1900 nm. Such absorption was

found to be suppressed by a 20 to 30 A layer of BaF 2 at the PbF2 and ZnS interface. While BaS

may form, it has a relatively wide bandgap, and does not produce deleterious loss in the visible

spectrum.

The effects of film roughness on damage threshold for BaF 2 films on ZnSe and Si

substrates were determined. Also damage thresholds were determined for alloyed film (BaPb)F 2,

graded digital coatings, digital coatings and graded buffered digital coatings. Damage thresholds

were measured at a wavelength of 10.6 microns using a short cavity CO 2 TEA laser with a pulse

length of 33 nsec with the beam focused to a 100 micron diameter spot. Ten separate irradiations

were carried out at each nominal value of incident energy in a matrix pattern. Damage was

assessed by a 400X optical microscope. Damage thresholds were determined from statistical

probability plots produced from up to 80 separate irradiations. A typical statistical plot is shown in

Figure 67 corresponding to a BaF 2 film deposited on a ZnSe substrate at room temperature. The

minimum energy required to just produce damage is defined as LD0 and the maximum energy to

produce damage on every spot is defined as LD 100. These values are listed in Table 38 for BaF 2

coatings on ZnSe substrates deposited at different temperatures and thus having different degrees

of scatter (surface roughness). The value of LD0 is found to be approximately constant while

LD100 is found to increase with surface roughness. It is hypothesized that rougher surfaces

redistribute the electric field intensity, increasing the damage threshold.

Table 38. Laser Damage Thresholds of Barium Fluoride Films
on ZnSe Substrates at 10.6 pm

Damage Threshold
(J/cm 2) Normalized 250 nm

Thickness Growth Temperature Scatter for 1 pim Film
(Prm) (CC) LD(0) LD(100) Thickness, i.e., %/pm

Uncoated --- 49 74 2.0

1.7 40 46 104 7.7

3.0 116 41 79 9.8

1.4 250 40 60 12.8

1.8 350 44 48 5.2
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Figure 66. Laser damage probabilities of thin films of the component materials of the I
design used for the tests in Figure 65.
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Figure 67. Typical damage probability plot determined for a film of barium fluoride I
deposited on ZnSe at ambient temperature.
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Table 39 presents data on more dense BaF 2 films on ZnSe and Si substrates. It is clear

from the data that thresholds vary significantly and are not correlated to the refractive index, (an

indicator of density of the film). The thresholds for the mixed alloy films are somewhat

intermediate between PbF 2 and BaF 2 deposited at room temperature and identical to digital

PbFj/BaF2 hetrostructures. The digital hetrostructure containing PbF2 with ZnSe or ZnS, whether

graded or not, has a damage threshold equivalent to PbF2. Since this threshold is not intermediate

between that of PbF2 and ZnSe or ZnS it is suggested that PbF2 is the damage controlling

component. This is thought to be due to the non-stoichiometric character of the material.

Contrastingly, the damage threshold of digitally graded hetrostructures containing BaF, are

exceptionally high.

3.5 OTHER RELEVENT ISSUES

Several different thin film designs using ZnSe/ThF 4 on Si, Ge and ZnSe substrates were

exposed to CO2 laser irradiation by Deng, et. al. (Ref. 38) to determine damage threshold.

Designs tested were standard two laver "V" coats with thin air interface layers for AR, partial

reflectors and high or total reflectors. Analysis showed a 25% increase in the peak electric field at

the air interface for the AR coatings relative to the other designs with the field remaining high

through the next interface. The high field at the interface connected with the potential for

contaminants, nucleation defects and mixing via diffusion was identified as a potential cause of

lower damage threshold that could be improved by redesign.

Thin film morphology was assessed by Nomarski microscopy showing rises and pits in the

coatings at about 100/micron spacings and by visible light scattering (;. = 0.5145 gim) indicating

discrete scattering sites at a spacing of about 0.5 trm. Scattering sites were widely spaced relative

to the beam diameter with no attempt to include or not include a site in the test beam.

Damage thresholds shown in Tables 40 and 41 were measured using a CO2 laser operated

in the TEM00 mode, intensity on the sample being controlled by a single wire grid polarizer. A

ZnSe lens focused the beam to a 60 p&m spot on the sample. Pulse duration was 230 nsec.

Damage threshold was taken to be the intensity midway between the lowest intensity at which

damage always occurred and the highest at which it never occurred. Damage thresholds of the

reflective coatings was found to be independent of the reflectance and the substrate. The defect

density average threshold for the reflective coatings was 90 J/cm2 or 150 MW/cm2 .
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Table 39. Laser Damage Thresholds of Fluoride Thin Films and Multilayers 3

Damage Threshold
(J/cm2 )

Composition Refractive U
Film Substrate %(Ba) Index LD(0) LD(100)

ZnSe 49 74 3
Si 67 98

BaF 2  Si 1.52 68 83

BaF 2  ZnSe 68 89

PaF 2  ZnSe 1.64 22 32

PbF2/ZnSe ZnSe 1.73 24 74

PbF2  ZnSe 1.85 4 35 3
PbF2  ZnSe 1.89 6 46

PbF2  Zns 1.89 51 90 3
(BaPb)F2  Si 19.4 31 46

(BaPb)F 2  ZnSe 56.0 1.59 33 60

(BaPb)F 2  Si 77.0 1.60 27 49

d-PbFJ/BaF 2  ZnSe (1.84) 31 47

d-PbF2/ZnSe ZnSe (2.02) 21 41

d-PbF2/ZnSe ZnSe (1.63) 58 89

gd-BbF 2/ZnS ZnS 58 120

gd-PbF2/ZnS ZnS 27 42 3
gd-PbF2/ZnS ZnS 26 33

NOTES: Alloys denoted by eg (BaPb)F 2  3
d = digital coating
gd = graded digital coating

1
I
I
I
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Table 40. Damage Thresholds of 10.6 pm Coatings

Nomarski
Defect

Density Energy Density Intensitv
Substrate Reflectance (mm"2) (J/cm 2) (MW/cm 2)

Si 100% 37 91 + 18 371 +74

Si 100% 54 84+22 359 + 100

Si 100% -- 80 +31 342 + 132

Si 100% 39 100+21 410 + 86

Ge 99.3% 23 99 + 19 404+ 76

Ge 99.3% 18 96 + 21 392 + 84

ZnSe 60% 18 86 +58 345 + 58

"-iSe 85% 25 88 + 12 361 +49

ZnSe AR 27 41 + 12 169 +48

ZnSe AR 32 30+9 123+37

Table 41. Comparison of 0.5145 prm Scatter and 10.6 prm Damage Threshold

Type & Manufacturer Scatter Threshold

AR on ZnSe:

II-VI Low Comparable (30 J/cm 2)

L.P.O. High Comparable (34 J/cm 2)

Partial Reflectors:

II-VI Low Comparable (86 J/cm2 )

L.P.O. Low Comparable (86 J/cm 2)

100% R Coatings on Si:

II-VI Average Comparable (91 I/cm2 )

L.P.O. Average Comparable (100 J/cm 2)
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